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THEME

Atmospheric propagation of electromagnetic waves at frequencies above 30 GHz, i.e. millimeter (MM) waves and infra-
red (I11), visible and to some extent also ultra-violet (UV) radiation, is of importance to many current and future military
applications. Propagation phenomena affect and often limit navigation, communications, sury'eillance, search, targct
acquisition, fire control, autonomous weapons guidance, kill assessment, countermeasures and medium to high power laser
applications.

Recent advances in components and technology have prompted extensive studies and novel applications in the above
wavelength region. Spi.cifically, second generation infra-red detector technology, smart image processing, as well as active
coherent detection systemns, i.e. millimeter wave and laser radars, have required dedicated propagation studies, including
much longer ranges over land aud sea, multiple scattering effects and especially turbulence induced systems limitations.

An exchange of information between scientists and engineers involved in research and development in this wavelength
region will benefit further development of systems and explore new areas of research as well as military and civilian
applications. The following topics were discussed:

I- Propagation measurements;
2 - Propagation models;
3 -Sensing of the propagation environment.
4 - System aspects and performance modelling;
5 - Countermeasurc~.s

'The term propagation included atmospheric absorption, scattering, path radiance effects, turbulence effects and
bloo~ming, as created by the anmbient atmosphere amid by the battle-field effects.'The term sensing covered in-situ as well as
remote techniques. Systems performance modelling and countermeasures concentrated on topics which are directly related
to those propagation effects.

La propagation des ondes diectromagn~tiqucs ii des frdqucnccs supdrieures is 30 GHz, c'est is dire les ondes
millim&~triques (MM) et l'infrarouge (IR), les rayonnements visibles et dans one certaine mesure ultra-violets, a die
l'importance pour bon nombre d'applieations militaires actoelles et futures. Les phi~nomines die propagation omit one
influence qui est souvent limitative sur [a navigation, les t0kcomniunications, la surveillance, la ddtection, l'acquisition die ]a
cible, la conduite de tir, Ie guidage des mtissiles autonomes, les previsions Lie destruction, les contremesures et les applications
des lasers doe moyenne is haute puissance.

Les progr6s rm~alis~s derni~rement dans Ie domaine dc Ia technologic. des composants ont amcni6 des 6tudes
importantes, lesquellej ont ddbouchti sur des applications novatrices dans Ia gamme dic fr~quence citde ci-dessus. En
particulier, Ia technologic die Ia dcuxii~me gi~mtratiomm des capteurs; infra-rouges, Ie traitement intelligent des images ainsi que
les sylt~mes actifs die di~tection cohi~rente, c'est is dire les radars is laser et los radars it ondes millim~triques, ont 6xigti Ia
r~alisi ion d'dtudes spi~cifiques is la propagation, qui tiennent compte die portde beaucoup plus grandes au-dcissus die Ia terre
et die Ia mer, des effets multiples dce diffusion et les limitations impostis aux syst~mcs par Ia turbulence atnmosphdnique.

Un Uchange d'nformations entre les scientifiques et ing~nicurs travaillant dans cc domaine favorisc Ie d~veloppement
ultdricur des syst~mus en question tout en perniettant d'examiner die nouvelles possibilittis (ie recherche et des applications
civiles et militaires, Los sujots suivants furent abordds:

I- La mesure de Ia propagation,
2 - La mod~lisation die la propagation;
3 - La detection do milieu die propagation;
4 - Los aspects des syst~mcs ell'a modklisation des performances;
5 - Les coot remesures.

Le terme "propagatiomi" comptend les notions suivantes, ]'absorption atmosph6rique, Ia diffusion, les effets die Ia
luninance 6nerga~ique scion lo parcours, les effets die Ia turbulence et l'effloreseenlce, cr46s par I'atmosphere amhiante et par
les effets du champs die bataillo,

Le terme "ddteetion" comprend ici les techniques doe ddtection in situ aussi bion quo Ia tOdd~tection. La moddlisation
des performances de systtmes et les contremesures concernent principalement des sujets ay'dnt un rapport dire't aver les
effets die ]a propagation cites plus haut.
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PREFACE

With the symposium "Atmospheric Propagation in the UV, Visible, IR and MM-wave Region and Related Systems
Aspects", the AGARD Electromagnetic Wave Propagation Panel (EPP) adhered to its practice of periodically reviewing the
recent advances in this technical area. This field is still expanding and is of great importance to the development of modern
systems and their most effective application. Atmospheric propagation is crucial to the performance of all systems operating
from the UV to the MM-wave region because it limits their operational ranges, which depend on the prevailing
environmental conditions and their history. In other cases, propagation effects permit specific applications, e.g., warning
devices based on scattered radiation. The importance of such a symposium was already evident shortly after the call for
papers by the large number of very appropriate contributions. The result was a stimulating meeting at Copenhagen,
Denmark, 9-13 October 1959. The Conference proceedings contain all papers and following discussions. Volume one deals
with the unclassified portion and volume two with the classified session of the meeting.

The contributions have shown, that within the last decade many atmospheric propagation problems relevant to electro-
optical and laser systems, including battlefield effects, have been investigated experimentally and theoretically with such a
quality, that quite sophisticated propagation codes and systems performance models are available for both armament
oriented systems analyses and development of tactical decision aids. The symposium has also pointed out that still-
developing, electro-optical and MM-wave technologies require additional, complex, propagation research efforts and studies
for operationally-relevant systems performance analyses.

The following areas were identified as requiring future research:

- Transfer of information/images through the atmosphere in addition to studies related to the basic effects, such as
emission, absorption, scattering, refraction and turbulence.

- Effects of complex backgrounds, e.g., atmospheric emission, specific cloud patterns, properties of the sea-air-
environment,

- Propagation effects related to UV-applications.

- Propagation effects related to high power laser beams,

- Propagation and background effects related to space-to-ground observation tasks, in addition to the ground-to-
ground and air-to-ground/ground-to-air scenarios over land and sea.

- Effects within optically dense media, e.g., multiple-scattering effects in clouds and smogs.

The above areas were either specifically addressed by contributions, or they were identified during the course of the
presentations and discussions.

In summary, the symposium provided the intended review on the state-of-the-art in this field of systems-orientted
atmospheric research, discussed experimental, modelling and theoretical aspects, and indicated clearly the most essential
areas of current and future defence-oriented atmospheric research related to UV, visual, IR and MM-wave..systems,

Gratefully acknowledged are the cooperation :and assistance received by the members of the Programme Committee
and the session chairmen: Prof. Dr J.H.Andersen, Dr J.Fritz, Mr EChristophc, Dr H.M.Lamberton, Dr. C.WNLamherts, Dr
EE.Niles, Di P.L.Roney and Dr J.E.A.Selby,

Appreciation is furthermore expressed to all who helped in the organization of the symposium and in the compilation of
the Proceedings, to authors and ontributors to discussions, to the host coordinators, to the AGARD staff, especially the EPP
executive, Lt Col, P.A.Brunelli,

D.HHtihn and J.H.Richter
Co-chairmen and editors

viii
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A SURVEY OF THE MARITIME-AEROSOL DATA COLLECTED AT SOUTH UIST
AND THE IMPLICATIONS FOR THE LOWtAN MARITIME AEROSOL MODEL

N P Tolliday, ARE Portsdown
M h Smith, PM Park and

I E Consterdine
University of Manchester

Institute of Science and Technology
Manchester, England UK

SUMMARY

Over the period 1979 until 1980, Umist (University of Manchester Institute of
Science and Technology) have been funded by ARE (MOD) Portsdown to carry out a Maritime
Aerosol Study. This paper is a survey of the results obtained and some comments on how
well the data conforms to the LOWTRAN maritime aerosol model.

Aerosol loadings and spectral distributions have been measured, over numerous
2-4 week periods since 1979, at a coastal site on the island of South Uist, situated off
north-west Scotland. Aerosol size distributions, coverng the radius range 0.08 to
23.5 microns, were measured by Particle Measuring Systems optical particle counters,
together with basic meteorological observations. Generally, these instruments were
mounted on a 10 m tower situated at the head of a gently sloping, west-facing beach; the
observations were shown to' be representative of open ocean conditions tor maritime air
masses,

Two further field projects were conducted at this site during the Spring and Summer
of 1986. The Spring project was characterised by an intense cyclone which gave rise to
local wind speeds exceeding 40 m/s whilst, during the Summer, much calmer conditions
prevailed with an extended period of very low wind speeds. Thus, data were obtained
encompassing wind speeds from essentially zero to values in excess of 30 m/s.

These observations demonstrated that volumnetric loadings of marine aerosol continue
increasing for all measured wind speeds, contrary to earlier speculation suggesting a
limit beyond 12-15 m/s.

The low wind speed period permitted the relaxation response of the atmosphere to be
investigated, and the decay of the aerosol loadings, for various size categories, over
this period was found to be consistent with a simple turbulent deposition model.

Variations in aerosol spectral shape with wind speed will be presented, and demon-
strate that particulate volume and surface area are dominated by the larger particles for
moderate and high wind speeds. The consequences of these findings for the LOWTRAN
Maritime Aerosol Model and for atmospheric propagation at visible and infra red wave-
lengths are discussed.

1. INTRODUCTION

Sea-salt particles are injected into the marine boundary layer when bubbles,
produced principally by whitecapping, buvst at the sea surface. This aerosol production
rate is primarily dependent upon the local wind speed, but is also influenced by other
factors - eq wind speed history, fetch, water temlarature, air-sea temperature
difference1 , 2 , salinity3 and water contaminants 4 . This locally-produced aerosol (with
particle radii generally exceeding l/um) will be mixed with that already present in the
atmosphere, consisting primarily of small particles (r < 0.5/um) having residence times
of several days which may have travelled hundreds of kilometre. from continental or
anthropogenic sources5,6, 7 . Under strong wind conditions, this aerosol will be further
supplemented by spindrift, comprising sea spray droplets torn directly from wave crests
by the action of the wind and whose radii may extend to several tens of micrometres.

The aerosol observed at the site is the resultant of those production mechanisms and
othe r dynamical processes. Changes In relative humidity cause shifts in aerosol spectral
shapes, thoagh these effects are generally not well pronounced under maritime conditions,
where the size spectra show relatively little variation with particle radius. Also,
observed aerosol cnncentrations are dependent upon atmospheric stability which influences
their mixing and dispersal throughout the atmospheric boundary layer.

In addition to their role in the exchange of heat, moisture and momentum between
ocean and atmosphere 9 , particles produced at the sea surface are of intrinsic interest
for numerous reasons. Firstly, sea-salt particles form a major constituent of cloud
condensation nuclei and the quantity and quality of such particles deposited on land may
also be important in determining the physical and chemical characteristics of coastal
soils and plants. Thus, measurements of aerosol loadings under a variety of
meteorological conditions are directly relevant to global salt budgets1 0.

Secondly, atmospheric attenuation of radiation at visible and infra-red wavelengths
may be substantially affected by these particles1 1 . Increasing wind speeds over the
ocean surface lead not only to greater numbers of partlcles but, also are capable of
producing and dispersing particles of larger sizes. Thus, at moderate and high wind



1-2

speeds, the combined surface area and volume loading of the suspended material will be
dominated by particles with radii beyond 1/um or so, in contrast with continental
conditions where, generally, these parameters are governed by much smaller particles.

Finally, relationships between aerosol particles in the marine boundary layer and
satellite-detected radiances have been explored 1 2 and suggest that, under specific condi-
tions, satellite images may be used to monitor characteristics of the boundary layer such
as optical depth and relative humidity variations. The more general problem of the
influence of surface-generated sea-salt aerosol upon remote sensing of the sea surface
characteristics and the atmospheric boundary layer properties would benefit from more
detailed information regarding the production and dispersal of these particles.

2. AEROSOL OBSERVATIONS

Over the past decade, an extensive series of field investigations of atmospheric
particulates, with radii from 0.08 to 23.5/um, have been conducted at the coastal site of
Ardivachar Point on the island of South Uist, off the north-west coast of Scotland. The
site, whose position and topography is illustrated in Figure 1, faces the North Atlantic
ocean across a gently-sloping beach. A detailed description of the equipment and field
site may be found in an earlier paper 1 , together with the comprehensive analysis of
118 days' data from this site, gathered during 2 to 4 week periods between 1980 and 1983.

Ardivichar
Point 4 ---- Continental

dJ - .......... Maritime

Low water ....

High water "

N\'

Sitei
.1 1.0 10

r (urn)

Figure 1. The topography of the Figure 2. Comparison of continental and
site on South Uist. maritime spectra averaged for

all 1980 and 1981 data.

In this work, and in subsequent studies, sampled air masses were split into
continental and maritime groups on the basis of air trajectory analysis: confirmation
of the validity of this synoptic method of air mass characterisation was provided by a
supplementary technique involving the measurement of radon daughter product
concentrationsl3, 1 4 . Spectral number distributions from the earlier work, averaged
separately over the entire maritime and continental air mass sampling periods, are
presented in Figure 2. The mean meteorological conditions were broadly similar for the
two air mass categories, as were the overall aerosol loadings, but the spectral shapes
are clearly distinct. The data for the continental air approximates closely to the
Junge r- 3 power law, as illustrated in the figure. In the maritime case, the concen-
tration of the smaller particles is greatly reduced whilst substantially greater numbers
are present at larger sizes. Thus, the maritime aerosol may be regarded as a distribu-
tion in which the continental component has been uniformly depleted by loss mechanism,
but to which a component of sea surface origin has been added.

Very little marine aerosol data has been collected at high wind speeds, to the
extent that the quantity of sea salt in the atmosphere at wind speeds greater than
15 ms- 1  is not known with any certainty. However, Meteorological Office data for the
period 1960 to 1980 show that wind speeds greater than this value are far from uncommon
over both the North and South Atlantic Oceans, and that hurricane-force winds may occur
during any month. The earlier South Uist investigations suggested that the rate of
increase of aerosol with wind speed decreased markedly above 14 ms-1 , and remained
approximately level up to the upper limit of the data set at 19 ms-1 . Unfortunately, the
comparative scarcity of data at these higher wind speeds left room for speculation and
other workers have suggested wind speeds ranging from 12 to 15 ms-1 beyond which aerosol
concentrations might be regarded as levelling offl 5 , 1 6 .

During 1986, two further field studies were conducted at Ardivachar Point utilising
a zlmilar, though not identical, experimental arrangement. Once again, aerosol size
distributions, over the radius range from 0.08 to 23.5/um, were measured by means of
Particle Measuring Systems (PMS) instruments, consisting of an ASASP-300 and an FSSP-100,
together with basic meteorological parameters. These aerosol probes, kept pointing into
wind by an automatic wind vane and servo system, were mounted on a 10 m tower, placed at
the top of the west-facing beach, and were approximately 14 m above mean sea level. The
earlier investigations had demonstrated that such measurements were representative of
open ocean conditions for maritime air masses, with generally insignificant influence
"upon the aerosol measurements at this height from the usually weakly-developed surf
zonel 7 .
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The first of these inestigations18 , conducted during March, was characterised by a
depression which formed in the North Atlantic, deepened rapidly ?nd passed directly over
the site, giving rise to local wind speeds gusting beyond 40 ms-1. Site wind speeds had
increased steadily as the cyclone appzoached, reaching a maximum of about 30 ms- 1 from
the south before reducing to around 9 ms-1 as the 'eye' of the cyclone passed over. As
this 'eye' moved on, the wind direction switched abruptly to the north-west and its speed
rose rapidly over the next few minutes, until it was gusting to about 44 ms- 1 . Although
the violence of this storm caused power failures throughout the islands and, indeed, came
close to destroying the measuring equipment, valid data was gathered for some portions of
the high wind speed episode, thereby substantially extending the data set to wind speeds
greater than 30 ms"'I.

During the second investigation, in August 1986, there was a period at the beginning
of the study when the wind speed remained below 7 ms- 1 for several days. The Beaufort
sea state throughout this period was 1 or 2, with little or no whitecapping beyond the
surf zone. This period was characterised by very low particle counts for all size cate-
gories and by extremely good visibjlities, with islands situated up to 80 km away being
clearly observed. Under such anticyclonic conditions, with slack air and low wind
speeds, air mass trajectory analAis becomes very uncertain and site wind direction is
generally a better indicator of the maritime or continental nature of the air mass. The
validity of partitioning the data set on this basis was again verified by the radon
counting technique (see Table 1). Toward the end of this study, wind speeds rose
steadily under the influence of an approaching depression, overlapping the observations
recorded during the previous study.

Table 1. Radon Data for Autumn 1986

Date Time Radon Count Wind Direction

GMT pCm-3 oT

16.8 1010 5.53
16.8 1510 13.60
17.8 1110 5.39
17.8 1525 3.24 334
18.8 0915 5.40 298
18.8 1610 1.58 279
19.8 0915 12.27 20
19.8 1500 10.31 68
20.8 0850 1.70 44
20.8 1600 0.55 328
21.8 0926 1.41 58
21.8 1430 1.84 50
22.8 0945 7.45 46
22.8 1520 7.37 38
23.8 0915 7.45 16
23.8 1545 7.79 351
24.8 0925 3.75 54
24.8 1410 2.72 8
26.8 2015 8.65 359
27.8 0900 6.69 1
27.8 1530 3.14 352
27.8 2025 3.03 352
28.8 0825 1.31 8
28.8 1440 4.19 351
28.8 2000 2.00 339
30.8 0825 3.79 349
31.8 0920 1.40 211
31.8 1430 0.58 198
31.8 2000 3.22 273
1.9 0815 1.96 258

3. DATA ANALYSIS

3.1 Aerosol sampling instruments. There are several difficulties with data from PMS
probes which must be considered if the introduction of errors into the data analysis is
to be avoided. The problel, of non-isotropic sampling was dealt with during data collec-
tion by keeping the probes oriented into wind. The problem of non-isokinetic sampling
has been examined1 9 and the results show that the volume sampling rate approximately
doubles when the wind speed equals the static ventilation rate of each instrument.
The volume sampling rate of each instrument was corrected for wind speed effects,
accordingly, in the data analysis presented herein.

The thizd difficulty with these devices is their multi-valued response for water
droplets around l/um in size20 . One solution is to add the data into size bands which
contain sufficient numbers of the original data channels to effectively smooth the
discontinuities. A similar technique was applied in the analysis of the variation of
aerosol loading with wind speed, presented in this paper, where the data are grouped into
size bands as shown in Table 2.
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Table 2. Grouping of Aerosol Data into Size Bands

Size Band Radius Range Probe RMnges Channels
(/Um)

1 0.09 - 0.125 ASASP 3 4 - 10
2 0.125- 0.25 ASASP 2 2 - 11

3 11 -15
3 0.25 - 0.5 ASASP 1 5 - 15
4 0.5 - 1 FSSP 3 2 - 3
5 1 - 2 FSSP 2 2- 3

3 4- 7
6 2 - 4 FSSP 1 2- 3

2 4- 7
3 8- 15

7 4 - 8 FSSP 0 3- 5
1 4- 7
2 8 -15

8 8 - 16 FSSP 0 6 -10
1 8 - 15

9 16 - 23.5 FSSP 0 11 - 15

3.2 Variation of aerosol loadings with wind speed. In order to demonstrate the
influence of wind speed on different sizes of particulates, the data were grouped into
wind speed bins 1 ms-l wide, and the averaged value of the concentration for each bin
plotted. Only maritime data were included in this analysis, selected on the basis of the
wind direction being between 190* and 300'. Graphs of particle concentration against
wind speed are shown in Figure 3 for selected size bando. A typical range bar - one
standard deviation long - is drawn for each size band: their extent is indicative not so
much of errors in the experimental observations, but rather of the larger number of
influences other than wind speed which affect the marine aerosol concentrations. It is
interesting to note that, for particle above 4/um radius, the increase in concentration
does not level off at wind speeds of about 12 or 15 ms- 1  Indeed, for the largest size
category, as the wind speed increases from 15 to 34 ms- 1 , the concentration increases by
a factor of about 4.

Table 3 presents relationships, derived
by means of a simple weighted least-squares
fitting procedure, showing the variation of
both number concentration and particular 3
volumetric loading with wind speed, for each '.0
of the size categories listed in Table 1. 0- 6
The smallest particles exhibit the least '. .
significant relationship with wind speed,oo " , .
which is reasonable given that the major 9

source of them is often other than sea_-
surface bubble bursting. Of the other -
size ranges, concentration of particles
from 1 to 4/um radius show less significant 0 16 24 32
relationships with wind speed. This response ff msI
is unlikely to be a result of the multivalued
response mentioned above, as the data bins
are large -nough to integrate across this Figure 3. The increase in particle
region. It is possibly due to these size concentration with wind-
bands falling between the two types of marine speed ff for size bands
aerosol droplet - film drops and jet drops. as listed in Table 1.
The exact position of the divide ts undeter-
mined and possibly varies; results from a laboratory model breaking wave suggest film
drops, although decreasing rapidly in number from the peak at sub-micrometre sizes,
remain in the majority until about 7/um radius, with jet drops providing an increasing
proporition of the aerosol at larger sizes 2 1 . Analysis of field data2 2 puts the tran-
sition at about 1/um radius, whilst other workers suggest that at 80 per cent relative
humidity, 2/um radius is more likely2 3 .

Table 3. Linear Regression Coefficients of Aerosol Concentration
and Volumetric Loadings on Wind Speed

Size Band Coefficients Coefficients
(Name) (Concentration) (Volume)

a b r c d
1 0.0285 1.7524 0.40 0.0759 -1.5429 0.51
2 0.0404 1.1918 0.79 0.0946 -1.3134 0.80
3 0.0995 -0.3433 0.87 0.2265 -4.0905 0.89
4 0.0442 -0.2660 0.77 0.0978 0.3225 0.76
5 0.0112 -0.3697 0.58 0.0431 1.6160 0.65
6 0.0264 -0.6125 0.63 0.0604 3.1247 0.62
7 0.0456 -1.6829 0.81 0.1288 2.3273 0.86
8 0.1293 -3.3681 0.95 0.3339 0.4689 0.95
9 0.1688 -4.8236 0.94 0.3836 -0.7404 0.94

Logl0 concentration - a * wind speed + b, with correlation coefficient r;
Loe volume - c *wind speed + d, with correlation coefficient r.



In order to compare these data with the earlier studies at this site, the data were
converted into the same format, that is, into averaged volumetric aerosol loadings versus
wind speed. The results are shown in Figure 4 for particles size ranges labelled 'large'
and 'ultra-large' in the earlier paper. It may be noted from a comparison of Figure 4
with Figure 3 that the volumetric increase with wind speed is greater than the concen-
tration increase; this is due to the proportionate increase in the concentration of the
larger particles.

The two data sets show good general agreement in the region of overlap, with the
1986 data set considerably extending the previous published data. The major discrepancy
is for the 'ultra-large' particles at very low wind speeds. Most of these data belong to
the anticyclonic period in the summer of 1986, described earlier, when the sea state
remained at or below 2 for several days. In such conditions, no relationship between
wind speed and particle concentration of this size is to be expected, since there will
have been virtually no sea-surface production. The residual concentration will thus
depend upon the particles' fall.-out times and the time elapsed since significant amounts
of whitecapping occurred. The 'large' particles show less of a discrepancy here, but in
anticyclonic conditions are probably suffering some land influence.

0.3<r<8 um rnrl

IE4

>_S.Uist 1980-1983
AS.Uist 1980-1983 - I ,.ss 1986
a S.Uist 1986 x Woodcock 1950

0 10 20 30 0 I0 20 30
if (Ows) ff (m/8)

Figure 4. Volumetric aerosol loadings V as a function of wind speed ff. The open
triangles are data from Exton et all, the closed squares are data from South
Uist, 1986. Particle sizes (a) 0.3 < r < 8/um (b) 8 < r < 16/um.

There is some suggestion of a levelling off towards the extreme high wind speed end
of the data set, but this is likely to be an artefact of the data; the highest wind
speeds are only measured for a short period of time, and so equilibrium conditions for
that wind speed are less likely to become established. Also, lower wind speeds cakn occur
when the sea state is determined by previous, higher wind speeds, which will increase the
averaged concentration at those values.

3.3 Changes in aerosol spectral distribution with wind speed. In order to demonstrate
the influence of wind speed upon aerosol spectral shape, the aerosol particle counts were
grouped into 1 ms- 1 wind speed bands, in a similar manner to the analysis in the previous
section but, in this case, the counts were summed for each PMS instrument range and
channel. Selected wind speeds from the data for South Uist are presented in Figure 5.

Generally, no consistent changes are
apparent for particles smaller than about
l/um radius, as might be expected since
these particles are not predominantly of sea
surface origin. However, for the larger 10
particles, substantial increases in concen-
tration with wind speed may be noted, with a T . ""..
'hump' appearing in the spectrum at around ...

10/um radius at the higher wind velocities. '-
Observations made from a ship in the North o 1- --------
Sea during the HEXOS project indicate that, 72 ...........
whilst the ship was in shallow water (about "
18 m depth), this 'hump' was even more V .20

pronounced than in the South Uist measure- '20

ments, but was significantly less evident 10
when observations were made in deeper water o.o_ 1 1_,_ _

(about 40 m depth). 011 1 10
R (uM)

3.4 Aerosol concentration response at low
wind speeds. The low wind speed period Figure 5. Aerosol spectral distributions
encountered during August, and shown in for selected wind speeds (ms- 1 )
Figure 6, was examined thoroughly in the hope
it might yield information on particle loss rates, and to provide some estimate of the
true very low wind speed background particle count at the South Uist site. However,
before the decay in the particle concentrations over the period could be investigated,
perturbations within the data set had to be removed. Brief episodes of continental
influence resulting from changes in wind direction showed up very clearly as pronounced
increases in concentrations over the smaller particle size bands. Also, a short period
of heavy precipitation provided a sharp peak in the temporal trace of large particle
concentration plots indicate a consistent decrease in concentration with time during the
low wind period, as shown for the 2-4/um radius band in Figure 7.
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24 44 72
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Figure 6. Wind speed against time Figure 7. Decay of particle
elapsed T for low wind concentration C (2-4/um band)
episode, with elapsed time T.

Exponential decay expressions of the form

C - Ct.0 exp(-t/T) (1)

where t and T are the elapsed time and the time constant, respectively, and C is the
hourly-averaged aerosol concentration were fitted to both the first maritime period only
(over approximately the first 36 hours) and to all the maritime data within the low wind
speed episode. The results of this analysis are presented in Table 4 and demonstrate
that the smallest particle concentrations show no significant trend, as might be expected
since they are likely to be still being generated from sources other than the sea
surface. The 1-2/um particle concentrations also show no significant trend and the poor
fits for these particles may be instrumental. Particles of radius greater than 2/um have
better fits when the short data sets are used, whilst, for the 0.25 to 1/um particles,
better fits are obtained with the extended data set. These findings seem reasonable as
the smaller particles have longer residence times.

Table 4. Exponential Pit Parameters

FIRST MARITIME DATA ALL MARITIME DATA

Size Band T conc cc T conc cc
/um radius hours (t-0) hours (t0)

0.09 - 0.125 -137.5 9.400 0.22 235.8 11.70 -0.22
0.25 0.5 391.5 1.018 -0.10 47.03 1.515 -0.67
0.5 - 1 50.29 1.115 -0.71 36.63 1.325 -0.84
1 - 2 1063.29 0.360 -0.18 4811.4 0.357 -0.04
2 - 4 39.4 0.236 -0.84 40.00 0.241 -0.82
4 - 8 31.13 0.027 -0.85 35.12 0.026 -0.80
8 -16 17.42 1.32E-3 -0.70 35.43 8.61E-4 -0.60

4. ATM4OSPHERIC EXTINCTION

The extinction of electromagnetic radiation by aerosol particulates may be readily
calculated by means of the expression

E - n Zall r Q(r,X) n(r) r 2  (2)

where E in the atmospheric extinction, n(r) is the concentration of particles of radius r
and Qtr,X) is the extinction efficiency (or cross-section) for a particle of radius r at
wavelength A. Similarly, the scattering or absorption due to the presence of aerosol
particles may be determined by substituting appropriate Mie efficiency factors in
Eq(2).

C&lculatiou of atmospheric extinctions in this manner is inhibited by the substan-
tial computational effort required to obtain the relevant Mie efficiencies for each
particle size and wavelength of light. In order to facilitate such calculations, tables
of computed efficiency factors were produced by means of available algorithms 2 5 for the
particle radii measured by the PMS probe6, at a wide range of wavelengths and refractive
indices. The efficiency factors were calculated for the centre values of each of the PMS
channels, on the assumption that such values are representative of the full probe
channel. Limited tests suggest thut this approach was adequate for the purposes of this
investigation. ,
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The composition of aerosol particles in the maritime environment might be expected
to result in a refractive index, at a given wavelength, somewhere between that of sea
salt and water, with its exact value dependent upon the relative proportions of these two
constituents and, hence, upon the relative humidity 2 6 . For the South Uist data, a rela-
tive humidity of 80 per cent was assumed and Mie efficiency factors were calculated
accordingly.

Values of atmospheric extinction at various wavelengths from 0.2 to 40/um were
derived using Equation (2) for the particle size distributions in each of the 1 ms- 1 wide
wind speed bands. There is considerable overlap between the various probe ranges and, as
mentioned previously, the probes exhibit a multi-valued response characteristic for
particles of radius of about 1/um. In general, range 0 of the ASASP is better avoided
completely, whilst the lowest channels in each range should be omitted as they are
susceptible to electrical noioe. Experience indicates that the ranges and channels
listed in Table 5 provide a wide range of particle sizes with no overlap and little
distortion.

Table 5. PMS Probe Data used in Calculations of Extinction Coefficients

Probe Range Channels Particle Radii
(/'um)

ASASP 3 4 - 15 0.09 - 0.15
2 4 - 10 0.15 - 0.24
1 3 - 15 0.24 - 0.5

FSSP 3 2 - 15 0.5 - 4
1 4 - 15 4 - 16
0 11 - 15 16 - 23.5

The results of these calculations of the ntmospheric extinction due to maritime
aerosol particles within the 0.09 to 23.5/um radius band are presented in Figure 8, and
it is immediately apparent that there is generally littlc variation in extinction with
wavelength at all but the lowest wind speeds. These findings are in marked contrast to
the continental aerojol case, when atmospheric extinction is generally dominated by the
smaller aerosol particles with radii around 0.1/um. In these circumstances, atmospheric
visibility will be strongly dependent upon wavelength and may vary by more than an order
of magnitude over the range of wavelengths considered, with substantially lower extinc-
tion coefficients being observed at the longer wavelengths.

Atmospheric extinction of electro-
magnetic radiation is dependent upon the
total cross-sectional area of the particles, 0.O
these will come to dominate the total cross-
sectional area. The extinction efficiency of
particles tends to a constant value of two as f0'-
the particle size increases and, thus, in the
maritime environment under moderate or strong Q0.4
wind conditions, atmospheric extinction will . _...--.-...
be dominated by particles with radii of 1/umr
or greater; and extinction coefficients will 0.2 20
be similar for all visible and infra-red 10 0
wavelengths.

10 20 30
In this situation, especially for the WyelhtUM)

highest wind conditions, particles larger
than those measured by the FSSP-100 (that is, Figure 8, Atmospheric extinction E due
larger than 23.5/um radius) may contribute a to aerosol particles against
major, or even dominant, fraction of the wavelength A for selected
total aerosol extinction, even though present wind speeds (ms- 1 ).
in relatively small numbers. Thus, in order
to calculate extinction coefficients to a greater degree of accuracy, some estimate
should be made of the concentrations of these larger aerosol particles for the highest
wind speeds (beyond about 15 or 20 ms- 1 ).

5. COMPARISON OF LOWTRPN CALCULATED EXTINCTION WITH MEASURED AEROSOL EXTINCTION

The aerosol ex'inction was calculated using LOWTRAN6 Maritime Aerosol Model. The
following inputs to LOWTRAN were used:

Pressure - 1000 millibars
Relative Huit.idity - 80%
Temperature - 10 *C
wind Speed - 0, 10, 20, 25, 27, 30, 33MS-1
Average Wind Specd was taken as the instantaneous wind speed

-- 1
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Visibilities W3p(ms-1 ) Vis (km)

0 >20
10 >20
20 20
25 13.3
27 8.9
30 6.0
33 5.0

Precipitation - None
Air Mass No - 1

LOWTRANS appears to assume that above a wind speed of 20 ms-1 there is no further
increase in wind driven aerosol with increase in wind speed. The data from South Uist
suggests that there are considerable increases in aerosol loadings with wind speed above
20 ms- 1 . In order to carry out a comparison of measured aerosol extinction versus
LOWTRAN calculated extinction at the higher wind speeds the restriction on wind speeds
above 20 ms- 1 was removed from the LOWTRAN program.

0.8

~-0.6-33

v 0.4.30
uJ 27

0.2 2!

0.0•o

10 20 30
Wavelength ( microns )

Figure 9. Lowtran calculated extinction for various wind speeds
in ms- 1 , Air Mass No - 1

The LOWTRAN calculated extinction versus wavelength for various wind speeds up to
33 ms-I can be seen in Figure 9. A direct comparison of the measured versus calculated
extinction for wind speeds up to 20 ms-1 is shown in Figure 10.

0.2

-LOW-6
20-.. .EXP

0 0.1
. 10

10-*

10 20 30
Wavelength I microns )

Figure 10. Comparison of the measured versus calculated extinction
for wind speeds up to 20 ms-1

The measured aerosol extinction at 10 microns wavelength is approximately a factor
of 4 greater than the LOWTRAN calculated value, whereas at a wavelength of 5 microns the
measured value of extinction is greater by a factor 2 than the calculated extinction.
These differences in the values of extinction are not too surprising since the absolute
calibration of this type of aerosol counting instrument is very difficult to achieve.
What is more difficult to explain is the difference in the variation of extinction with
wavelength. In the LOWTRAN calculations there is a considerable drop in extinction from
very small wavelenghl.s up to a wavelength of 10 microns, wh, reas there is little
variation in measured extinction in this region.
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Figure 11. LOWTRAN calculated extinction for Air Mass No - 9

In order to test the sensitivity of the calculation to the Air Mass No used,
calculations were performed using an Air Mass No of 9. The results are shown in
Figure 11. The absolute value of extinction is reduced but the variation of extinction
with wavelength remains similar to the results where an Air Mass No of 1 was used.

6. FUTURX MEASUREMENTS

Radon Concentrations Over the NE Atlantic Ocean. The UMIST Atmospheric Physics
Research Group will carry out a NERC/MOD supported project on a ship named the 'Charles
Darwin' between Iceland and the Faroe Islands during October and November of 1989. The
investigation is concerned with measurtments of the exchange of heat, momentum and
moisture between ocean and atmosphere under various environmental conditions. Also the
measurement of aerosol particulate loadings and size spectra will be undertaken and sea-
air particle fluxes will be derived. These data will be of substantially greater utility
to the Ministry of Defence if simultaneous measurements of other parameters are made. In
particular the predictions of the LOWTRAN model will be much more readily tested against
observations if the air mass characteristics is assessed, especially close to Iceland
where air mass characteristics are uncertain. Consequently ARE are funding UMIST to
extend this study to include measurement of radon concentration to establish air mass
type.
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Figure 12. Correlation of Radon Concentration with Small Particulate Concentration

Previous studies in the Outer Hebrides have shown that radon concentrations corre-
late very closely with both small particulate concentrations (radii less than about
0.2 microns) see Figure 12, and continental influence as indicated by air trajectory
analysis. Radionuclide activities of less than C pCi/m 3 were associated with maritime
air masses with higher activities indicating proportionately greater contributions from
continental sources.

SimilAr observations to those conducted in South Uist will be made compared with
small aerosol concentrations and air trajectories in order to determine whether
significant periods of continental influence exist and, if found there relationship to
the general meteorological situation established. Air mass characteristics appropriate
for input to the LOWTRAN model will be derived.
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7. CONCLUSIONS

For the first time data have been collected at surface wind speeds in excess of
30 n.s 1 , which is of interest as these wind speeds are not uncommon over open oceans.
When plotted with other lower wind speed data sets, for non-cyclonic conditions at the
same site, all data are consistent. Concentrations of the larger particles do not level
off at wind speeds above 15 msl, as previously suggested, but the largest increase by a
factor of 4 as wind speeds exceed 30 ms- 1 , corresponding to a volumetric increase of more
than ai. order of magnitude. It should be emphasised that the measurement range in these
South Uist experiments extends only as far as 23.5/um radius. The spectra show
increasingly more of the largest particles measured with increasing wind speed indicating
that the quantities of aerosol present for sizes beyond this upper limit aze also
increasing. Thus, the increase in volumetric loading in the size band 16-23.5/um radius
is likely to be a serious underestimate of the increase in total sea-salt loading.

Estimates of atmospheric extinction for these maritime conditions at high wind
speeds show little variation for wavelengths from the visible to the infra-red and
emphasise the importance of information on the particulate size spectrum in such
environments.

Comparisons with LOWTRAN calculated extinction indicated that the LOWTRAN6 maritime
aerosol model apparently assumes that above a wind speed of 20 ms- 1 there is no further
increase in wind driven aerosol with increase in wind speed. The South Uist measurements
indicate that this is not the case in practice.

The comparisons show that at a wavelength of 10 microns the measured aerosol extinc-
tion is approximately a factor of 4 greater than the LOWTRAN calculated value, whereas at
a wavelength of 5 ecirons the extinction is a factor of 2 greater. The LOWTRAN calcula-
tions predict a considerable drop in extinction from very short wavelengths up to
10 microns, whereas there is little variation in extinction in this region calculated
from the aerosol measurements.
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DIBCUBBION

J. SELBY
You mentioned that aerosols were measured at South Uist over the sizn range 0.08 - 23.5
Am. Since your measurements were conducted under high wind speed conditions, I would
expect one to find very large droplets present (50 - 100 pm), Why did you not uae the
PS OAP-200 instrument? This would have allowed you to measure droplet sizes from 20
to 500 Am. Also, do you plan to continue measurements of this kind?

AUTHOR'S REPLY
I agree; it would have been useful to measure larger droplet sizes. There are no plans
to continue this work at present.

J. SEL•Y (COOXIMT)
I would expect the true extinction coefficients to be higher than what you measured.

E. SEETTLI
In doing the comparisons with the 1WWTRAN aerosol models, did you directly extract the
aerosol values from the code or did you carry out the transmission calculations for
observed conditions and subtract the expected molecular contribution which would intro-
duce more uncertainty in the aerosol component?

AU•UOR'S REPLY
A full LOWTRAN 6 calculation was performed and the values of aerosol extinction ab-
stracted from the output.
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mospb~rique d'un rayonnement infrarouge dons In couch* limits marine an
milieu m~diterranien. Le dispositif opto6lectronique implant6 en bord do
mer se compose d'un transmissionitre pormettant d'6valuer la transmission
our leox band.. 3pim-5Ijm et Siym-i2pn Is long d'un trajot horizontal do 8 km
A une altitude do 40 m~tres au dessuu de la mor. Afin do mettrs on 6vi-
denco des corr~lations pouzibles ontro lea diff~rents yhinomines, une
station m~t~orologique automatique ot tine sonde optique CSkSP-l00-HV
fonctionnent en parallilo. En complbsent , uno 6tudo du comportement do
la donoit* en a6rosols an tonction do 1. localisation de 1. ameure at des
conditions m~t6orologiqucs a 6t6 entropriso A bord de batiments de 1. Ma--
rine nationals francaise.

I - INTRODUCTION.

L'6volution do Is Transmission atmospharique d~pend d'un grand nombre

do facteurm tels quo ma composition molficulaire at particulaire, lea con-

ditiono clizatiques et is nature de londe e11.-m~ms.

Depuis do nombrouses annA.., dos 6quipes do chercheurx Alaboront et

am~liorent des mod~lisations du calcu~l do transmission atmosph6irique.

Coest Is can dui code LOUTRAN, amorc6 on 1971 par I. groups AFOL, dont Ia

6Am. version(') propoie 'in mod~ble d'a~roools, Is NAVY MARITIME, lequsi

eat susceptible d16voluor suivant lox param~tresm nt~orologigues commae la

vitemse du venlt, l~hygrom~trie, le coefficient de masse d'air.

Ce mod~le a 6t6 mis au point A partir de mesurem offectu6es en h

gions tropicalem, 6quatoriales ot subarctiques. La finalit6 do 116tude

quo nous poursuivoris au Centre CESDA do Ia DCN A Toulon (France) entre

dons Is cadre des travaux sur Is pr~diction do portA. des syst~mom do d6-

tection infrarouue ot consists A validor 1e Code Lowtran6 dans 1. can

d'uno atmosph~re marine Ge type wdd.1t&.rrav~vn.

L'intkret du choix du domaine spectral. infrarouge , on particulior

l.. band.. 3pm-5gpm at Bp~m-12gom, renst strat~gique et provient du caract6-

re passif at r~alisabl" do jour comme de nuit do la d~tection done cetto

gamm. de longueurs d'onde.

XX DXSPOSITIF XXPERIKENTAL.

A - L TRANMSISSIONEIRM.

Un syatAme opto~lectronique appartanant au CHLAR, appelA Tranaminsio-

mitre, mis au point en laboratoire putk 1ONKRA, a 6t6 implanti on mite

i~el our la c6te m~ditorranbonne on Rado de TOULON.
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Lu transmission atmosph~rique large bande 6tudi6e eat obtenue par me-

sure diff~rontiollo grice A deux corps noirs chauff~a A 1000 K, dont

l'un, do mewure, eat plac6 au CERTEL et 16 second, do rtifhrence, A uric

distance do 8 Km.

tin ensemble dCoptiques collimate Ie rayonneaent A une altitude cons-

tante do 40 c~tres ans desaus du niveau de Is moer jusqu'A une pupillo de

reception. GlA un t~lescope focalisa 1. faisceau vers un dltecteur qui

fut dons un premier temps pyro~lectrique et nore romplac# per un d~tec-

tour quantique. tin. d~tection synchrone not utiliske *fin do asaffrarachir

doe flux paromites ambient..

Un plateau tournant couportant six tiltres permet do s~lectionner

succossivement lea six bandes spectral.. suivmntes:

- Ju-4,1pm 3WO-5gj. 3,4pa-5su

- 8Im-1Opm 61j3--llim Sum-121Ju

Pour chaque filtre, un miroir escamotable permet alternativement do

mexurer 1. rayonnsment source et. Is royonnement de r~tlrence.

tin programme 61abor6 our I. microordinatuaur HP 9310 op~re automati-

quemont 1. gestion do commande des diffhrents appareils requis pour une

mssure sinai quo l'scquisition, Is traitement at l'archivage den donnAe..

Le choix initial d'un dltecteur pyro~lectrique pL-ovieflt du programme

OPAQUE do mesure do is transmimsion atmosphbrique sur courts distance

(500 mitres) dons 10 cadre du groups OTAN panel XV RS08. Cat apparsil

s'eat avir6 inadaptl A la configuration an site r~el pour une distance do

8 Ku, on particulier pour lea osaures do transmission sur Is bends Spm-
12gjm, 1. rapport signal our bruit as trouvant 6tre proche do l'unit6 lors

do conditions m~tlorologiques dlfavorablos.

Wimpiantation dlun 46tocteur quantique de moilleure ditectiviti a

doric 6t6 dlcid6. main rencoratre quelques difficult6 do mime cii place.
Coeat pourquoi un nombro limit6 do tiosures do tranaminsion a pu etre of-
fectu6 jumqu'A prlsont.

5 - LA 82'ATXOW MSTNOKOGOGIQUE.

Los paramltros mltlorologiques tols quo

-Is vitess. du vent instontan6

-Is direction du vent

- l tomplrature do Ilair sac

- l tomplrature de J'wir humido
- l preasion atmosphirique

sont mesurks A Voids do capteurn extirisurs

Los sionaux corrospondants sont numlrisl. grAce A urc aitation mitio-
rologique automatique PTYLSONIC 600 at trannis par interface RS232 au mi-

croordinstour HP 9310.
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C - LA SONDE GRANULOUNTRIQUN.

D'autre part, des mesures do granulom~trie en abrosois siariri6 sont

r~slix6ex au moyen d'un compteur de particules CSASP 100 HV de type RKtol-

lenborq de P.M.S. Cette sonde fonctionne selon le principe de~ diffusioi,

par UN. particule d'un faisceau laser HeNe. Us gamme de mesure &'6tend A

des diawitres compris entre 0,5 et 47 out.

La sonde eat relije A une centrals d'acquisition PDS 300 cqui sna~y~e.

at class. leam donn~ea; do Is sonde grAce A son calculateur. L'optiovi chol

sie parmi sept disponibles eat ia repr'&6sentation de la densitA en edro-

sals par unit6 do volume et par largeur de clause en fouction du. diajautre

des particules pr~sentes sur Is site. Le r6sultat des calculs a(u Pti 300

ext ensuite tranamim ou HP 9310 pour y Otre s*took6.

III - EXPLOITATION DES PREMIERS RESULTATS.

La rose des vents (figure n*i) met en 6videnco deux directions privi-

l6gi6es :un vent do WNW appelA plus commun~m~int MISTR 'AL et un vent d'Est

qui g~n~ralement apporte Ia pluio our lea r*)ion~s m~diterron6ennes.

has histogrommes dos figures n02 et 3 mettent en avant lea propri6-

t~a des vents propres au milieu m6diterran6en.

En effet, lax vents d'Est et MR se formant lore d'une d~pression dans

Is Golfe do G~nea, sont porteurs en g~n~ral d'une atmosph~re chargA. en

humidit&, de m~m. pour Ion vents do Sud d'orijine pleinement marine. Per

contre, le Mistral, descendent do la vall6e du Rh~neaet r~multaNt do

llanticyclone den Agorep, eat plus see et tend A chooser brumes at

brouillards, comma on peut l'observor par I& moyenne de visibilit6 ren-

contrdm pour ces secteurs de vent (figure n93).

11 eut done fort possible qua le taux de transmission atmosphdrique

soit affect6 par l'origine don diff~rants vents comme semble Ie montrer

Is figure n04 , oiO lam velours lea plus fortes de transmission dans ia

band. 3pm-5pm sont atteintes dons le can du Mistral.

Lox figures nse 5 at 6 nous proponent deot corr~lations plus ou moins

fortes entro diff~renta param~tres.

Tout an limitant Is validit6 des valeuxrs do visibilt6 , lesquelles

sont obtenuos A pertir do Il6valuation do l'cail husain, on remerqize qL~

Is comportemert des transmission* our is bon~e 3pm-5pm n'est pee lin~si-

rement dipendant danm ewuroaslte visibilit6 ( figure nO6

IV - LK CODE LOTTRAN

Les codes r1OWTRAN d~volopp~s depuis 1971 calculant In luminance st

bus transmissionxsatmosphiriques moyenn~gs str den intorvalle. do 20 cm-i
do 350 A 40 000 cm-i (soit un domaino do lonjueurn Conde silent de 0,25
A 28,5 pa). Ce code utilisant pour iuabsorption un modile do banies A un
soul paramdtre, inciut les effots de l'aboorption du contikluum, Is diffu-
sion mol~culaire at laextinction par lea a~rcstoiu.
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t.'amalioration apport~e au code LOWTRAN caui apparait dans la versiop

LOWTRAN 6 ant l'introduction d'un modale d'akrosols appel6 NAVY MAR17!-

NB''). Celui-ci rbnulte d'une s~rie de mesures de profils granulom~tti-

ques pris lors de conditions mataorologiques diff6rentes.

L'influence du vent, des courants de masse d'air minsi que de 3Ihy-

grom~trie our Is tuille et ls concentration en earosols y eat mine on

6vidence. Dann ce modile, lea a~rosols font 96n~r~a per l'6vaporation des

embruns et des gouttes de films et de jets & la surface de la mer. 1.55

perticules ainsi formhca sont ensuite r~parties dens l'atmosph~re. Cam

ph~nom~nes de gOn~rations dkpendont du vent ot sont li~s au d~ferlement

des vagues. tine fois en suspension, ces gouttelettes subinsent des m~c@L-

nismes de tri pnr grevitk et do m~lange par turbulence. En debors des

procennus de lensivage de ilatmosphAre. lea petites particules ont, une

durke do r~sidonce longue dans la couche limit. tandis que lea particules

do grand.. dimensions contribuent peu A is population A long terme des

sarosols.

Le mod~le NAVY-MARITIME distingue trois types de populations dea~ro-

solo, chacun dkcrit par une distribution lognornele.

DE(R)/DR - Ai x 1/f x SXP( - 6.N( R / fxRi ')2

avec Al -2000 x (AHI

A2 = max (0.5 ; 5.866 x ( Vmoy -2.2 )

A3 -max (0,000014 ;0,01527 x C in. 2,2 )

f - ( 2 - RH/lOG M/ 6 x ( 1 -RH/lOG))

00 AN :c~oefficient do manse d'air

Vinst : itemse instantan6 du vent.

VU07 :vitosse du went moyenn~e sur lea prb6cdentei' 24 heures

RU :bumidit* relative

Ri :rayons modaux correspondents au maximun de chaque mode

R1 - 0,03 pm ;R2 -0,24 pw ; R3 = 2 pan

Los coefficients qui apparaissent dens is forme analytique do I& dis-

tribution des saromols sont d~terminA. empiriquement A partir d'obser ve-

tions uot-torologiques r~centes.

La composente Ia plug fine de ua~rosol (Al) currespond A une campo-

sante continentale hA.e A isa~rosol de fond suppos6 ind~pendant du vent.

Relatif 4u temps do d~placement do is manse d'air, le paraui~tre AM prend

des vaelurs suitures comprises entre 1 et 10 (1 repr~sente un earosol pu-

remont mar-in, 10 un apport continental important).

La douxiime composante, la composante permmnente do l'a6rosol marin,

eut fonction de l'histoire du vent, qul suivent me force tend A provoqui~r

Ia formation do Is houle, cette composente sora donc fonction de la vi-

tease mayenne du vent dans lea derniares 24 heures.

La troisibme composente correspond A luarrachement des gouttelettes

,jar 1e vent en coura nun lea vague, d~jA pr~eentes et sera exprimAe en

fonctiort de Is vitesse instantanA. du vent.
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L'extinction at labsorptior par les sarosols A diff~rentos longuours

d'onde out 6t6 calcul~es par la Th~orie do KIE pour des indices do r&-

fraction hA.s aux diffkrentos composantes do ua~rosol. Let domnin~e con-

cornant lox airosols coat alors inthgrhos au programs* LOWTRAN6 sous Is
forms do tableaux do coefficients doextinction ot d'absorption pour une

skrie do valours discritec do longuours d'onde (40 velours) at d'hygroa&-

trio (50% - 65% - 90%.*- 99%). Lee velours particuliires sont obtenues per

interpolation.

V - USSUIES GLAMULONETIIQUES

Notant Ia localisation do la manure do Transmission paralliloment Aux

prises do profils on aerosols et V~ventualit6 d'uno influence c~tiire

trop friquente, ii slect avir6 intiressant et n~cessaire d'6tendre Is

site diktude A une atuosphdro pleinement marine.

kinsi, plusieurs oxpirimentations ont pu Otre effectu~ex A bord de

batiments do Ia Marine Nationale franvaixe, en particulier lors d'une

mission de repr6sentation en Tunisie du batiment d'expirimentation L'Ile

d'Oliron -

Une 6tude du comportement des profile do concentrations d'airosois a

&t* amorcie afin do mettre an kvidence JVinfluence des conditions mitic-

rologiques ou ancore du site g~ograpbique.

A - INSTRUMENTATION

Le matiriel utilis6 pour coc exp~rimentations so compose

- do la sonde optique granulomitrique CSASP 100 HV

- d'un systime d'acquimistion P.D.S 300 do ls sociiti P.M.S

- d'un microordinateur et d'une imprisante APPLZ II

A - METEOROLOGIR

Lea dounnie mitborologiques sont notkes une fois par assure granulo-

ai~trique A partir des appareila int~gris ou navire

- vitess. du ven~t

- direction du vent

- hygramitrie

- presnian

- visibilit6 estirnhs pkr un observateur

C - COUPIGURATION

Afin d'kviter au maximum les perturbations causies par 1. configure'

tion du batirnent et pour des problimen do connexions 6loctriques, Von-

semble des appareils dacquisition eat installi A lintiriour ot cur is

toit de is cabin. abritant l'asceriseur ou dessus du hangar avant.



Pour restreindre 1-influence do la convection naturolle due au chauf-

fage du sol par lee rayonnemeflts solaires, Ia sonde a 6t6 isol~e de !a

paroi d'acier par un support en bois 11556.

Loentr6e do In sondo ant dirig6o face au tens de la marche ayant pris

soin ouporavant do v~rifier quo I. d6bit do Ia sonde A l'intkrieur du

champ de mseure reseo inchang6 quelgue soit la vitesse du batisent. Le

mecure oceffectue ainsi A une hauteur de 10 mitres au dessus do la mor.

D - IXTRAIT DU JOURNAL DSS MMSURES

Les vents cit~s; ci-aprA.; correspondent A lea sources de courant ma-

rien qui peuvent Otro locales, telloc des brixes de terro ou do mur lihos

aux temp6ratures et houres de Is journA., main no font pan forc~ment r6-

firence aux secteurs do vent difinis dons I. loaragraphe III. Pr6cisons

quo Ia zone touchke par le vent dESST (ch.III) s'ftend jusqu'au Nord do

In Corse, at qua le Mistral pout dencendre juiiqu *au Nord do Is Sardaigne.

Journ6e du 16 Au in jfigu r~e n*7Jj

Pbonom~nen 6volutifm

D6part do Toulon faisant rotite sur Cap Corse.

Eloignement des termsn jusquA& 16 houres, c.o.d., junqu'A mi-parcourse ru

tre Toulon-Corse :45 nautiquec do 1. cbte.

Vent changeant SE A 9 force 2 10 satin et jusqu'A 16 heures, puis venL de

S A SW force 3 A 5 jusqu'A 19 heures.

Observat ions:

Diminution des concentrations dons la gamme do diami~tre inf~rieur A

1,75 un, qui serait duo A lobsoonce do houlo at A un 6loignement progres-

nif dec c8tes, donc A une diminution do l'influence continentale porteume

de particules do petits diam6tres ( profil - - - A protil - 4. -)

,doutant plus quo 1e vent foible et do secteur Eat ne rencontre donc pas

de terre A proxiait* du point do mseure.

Puis augmentation do is concentration dos particules do diam~tre su-

p~rieur A 1,75 us coincident A une 616vation do Is force du vent ( viofil

-- .Simulton~sent, aceroismement do Ia densitt do perticules do D in-

f~rieur A 1,75 um mni~l plus foible quo le satin. Llexplication vient

peut-etre du fait quo , quoiqu'on me rapproche d~en c8tev core.., 1. vent

do secteur SW , moigrt un renforcement , reste pleinoment manin et atfai-

blit l'irfluence continentale. an outre, laupport d'a6roaols do fond mem-

ble annihil# par Is prhuence d'un vent tournant au SW, contrecarrant lA6-

tablimsesent d'un r6gime do houlo.

Nuit du 17 au ltjuina,.jf i. ure n*$)

Pb6anodnes &volutifs

Navigation le long do 10 c6te NST do Sardaigixe.

Distance A la c8te :10 A 20 noutique..

Vent do secteur NE force 3, faiblissant ver3 2 h 30', puis forcissant
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PROFIL DE DENSITE E01 AEROSOLS.

DW/DD DN/1'):

/cm3 Jim ,/c U!

+0 +0

100

10 i I,

+01 ---- 4----- -c--- 1 ~ *"

I• •,\ i •ri " :

Figure n97 Journbe du 16 Juin. Figure n48 Nu-:t du 17-18 Juin.

1- - :3 Nque des c8tes 1 -- 17 juin;2Nques;vent NE4

2- + - 40 Nques des cbtes 2-- Vent de NF 3 !0

3- - - Vent de SW (19h) 3- - - Vent de NE 2

forcissant 3 A 5 4- + - Vent force 0 15 Nques

DN/DD DN/ )D

/cm3 0u * * /cm3 in

to -

+0 07

1 0 0

10 I0' \o

1 i 18 lee.-
DI~u).1 1to teo 10 0ID IAM( ufq) El I AM I. UPI

Figure nO9 : Nuit du 26-27 Juin. Filure n*lO Sardaigne.
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-- -:NE 3



2-10

Jusqu'au satin.

Observat ions

Evolution rola~ivement logique des profils avR.C In vitesse du vent.

Tous Ins diam~tros jusqu'A 10 urn sont touchis par les variations de force

du vent.

Reuarques

bee profile enrecistrhs durant In fluit sont nettement plus baq q~i

ceux prim lore de is pr~ckdento journ~e. 11 ftut priciser quo In c~te

nl&tait qu'A 1 A 2 nautiques alors que pendant la nuit. nous naviguions A

15 nautiques environ des c~tes.

De plus, longeant VI'le par I2Ouest, ceci cornbin6 A un vent de PIE

force 2 A 3 provoque une influence c8ti~re assez importante Is 17 juin,

zion tient compte du passage r~cent de la ma..e d'air au dessum des ter-

rem. Par contre, durant Is nuit, In fait do longer Is Sardaigne per V'Lst

ovec un rent do US, nous oblige & conmid~rer Ilinfiuence continentale

comm. null*, l'Italie me trouvant A 100 nautiques A l'Est.

Nuit du 26 _2Jn.jurS9

Ph~nomdna. &volutifs

Vent fort do~ sectour NNW.

Navigation on ploine mer, traversie Cap Corse-Toulon.

Observations:

Forte concentration do particuJles inf6ri-!ures A 8 pmn due vraisernbla-

blement au vent do NNW woufflant depuis la v~ille provoquent un r~gime de

houle et un apport continental croissant, d'iutmnt plus qu'on so rappro-

che do Is cbte froncaise.

Vigure n01

Trajet 1 : is long de In vdte Hot Sardaigne

Trajet 2 :m~ma trajet en sons inverse

Vent do NNW force 4 pour trojet 1

Vent do NX force 2 A 0 A 3 pour trajet 2.

Profil colneidant pour des dias~tres supfiriours A 10 usn.

Concentrations dix A quinze fois plus 6iev~es pour trajet 1 our In

gamue do diuim~tres inf~rioure A 10 prn.

Non seulement Is vent oct plus fort, mais il passe au dessum des ter-

roe do Sardai~ine, donc apport dua~rosols con :inentaux et doembruns. La

mouro so '.ait A 15 A 20 nautiques des cdtes donc on pout dire quo In

crpout relativement as lormer, main is pri';ence de I'lie casse vrais-

memblabloment i* houle qui mo form. sous l'a-tion du vent de NW.

Si on compare un profil d'airomole pris A 3 mAtie. au dessum du ni-

veau do Is mur r.ar vent foible A un profil p:-is A 6 mitres par temps de
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fort Mistral et mer agit~e, on observe une coincidence des points do, me-

sure jusqu'A des diamitres de 26 pm et unie apparition de djam~tres sup6-

riours dana le cas du vent fort. La meaure ayant 6tA effectu~e A l'intk-

rieur de I& rade de Toulon, le phknomine de houle n'a pas pu s'amorcer.

En outre, l'oriqine continentale du vent et la proximit6 des c8tes ant

davantage pnaur cons~quence un lessivage de llatmosphire qu'un apport

d'akrosols marina.

VI - INTRGDUCTION A LA VALID TION DU COD9 LOwrRAN 6

La forme anelytique du mod~le NAVY MARITIME parait 9tre une bonne ap-

proche des profila mesurks en Her M6ditea-ran~e , quoique sous-- estimgnt

les concentrations daiis la gamme do lijm A 10 im.

En outre , une modification n~cessaire a 6t6 de prendre pour R3,

rayon modal relatif au vent en cours, une valeur de 1 pma, le point d'in-

flexion correapondant au troisi~me mode du NAVY MARITIME 6tant apparem-

ment lkg~rement d~cal6 par rapport aux mesures ( figure n11l

+06 rigure n11l Comperaison du mod~le

NAVY MARITIME et d'un profil mesur6.

Navy Maritime ; R3 - 2pm

.................rofil meaur# A 3 m. d'altitude

+030

*0 -.+----

Un programme s'',ppuyant aur la Th6orie de MIE'3) permet de calculer

Its coefficients de&xtinction et d'absorption par lesaksrosols A p~arti-

d'un mod~le do profil Navy Maritime r~asust6. La d~marche conaiste ensui-

to A int~grer coo r~sultata dans la carte du code LOWTRAN correopendant ik

l'option "User Defined" at de lancer le calcul avec la visibilit6 neau-

r~e.

Le proceasus de calcul du Code Lowtran dans ma partie contribution

abrosola eat le suivant

liner - 311 - Kextaor( x RAZE x RANGE

RANGE longuour du trajet

Kexti : coefficient d'extinctior calcuI6 pour chaque longueur

d'onde et uorinalis* au coefficient A 0,55Mjm.

HAZE coefficient d'extinction A 0,55 pam calculk A partir do I&

visibilitik introduite par l'utilisatelir.
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Si on util1ise comme cooffic4.ent do normalisation 1. coefficient d'ex-

tinction calcul* par 1. progeamme do HIE A 0,5 5 po at quo is visibilit& me-

surhe set introduite, I. Code Lcvwtran tious donne une transmission do 8%

sur Is bonds 3pm-5su. Per contra, si lon coefficients inshrhs doen is

carte "User: Defined" sont do Is form.

coefff( calculhm per programme do MIN / HAZE

aovc HAZZ - 3.112 / Visibilit& observ~e

is tralismission obtenue par Is code Lovtran deviant 22 %, at so rap-

procho nottoment do cello manurles imultanhment avtc I. profil on earo-

sole at 6valuhs A 28 % our Is band* 3pm-5,jm.

La difthreno. vient du fait quo Is profil utilish done 1. calcul dos

coefficients do HIM a &t& enregistr* A 3 m~tros do hauteur, alorm quo Is

assure de transmission sleffectUe 1 40 m~tron d'aitituds: En considbrant,

quo lea concentrations sont susceoptible* do diminuer loruqulon monte en

altitude, Ia transmission calcuLh. A cette m~me hauteur no pourra Stre

quo meillsure.

Coepndant, doenIs coo oik Voption "Navy Maritime" a 6t,6 choisis avoc

les paramhtres mdthorologiques nesur~a our Is site, Is code Loutran noun

Avalus Is transmission A 17 %, co qui noun Aloigne do ia valour mesurds.

V11 - CONCLUSION

Le spipcificit& St l'int~r~t do Is connaismance du milieu miditsrrs-

alce nous encouragont A approgondir I. comportement des di~ffrents para-

metres mis en iou (tranmaission, conditions mhthorologiquos, localisa-

tion.. .). Don meaures synthmatique do transmission atmosphhrique sent

prhvues pour los mois A vonir *Vr~s 1 implantation du dhtecteur quanti-

quo, lequel permettra uno pr~c~sion plus important* do Ia assure-et uno

extension & is bands Spa-12ijm. Do m~me, Is campagne do mssures granulom4-

tiques an mwr a& poursuit dens Is cadre dw Is validation du modhis Navy

Maritime.

Romerciaeflets

Quo le responsable , Mr Hesvk BORHONNET , sinsi quo lea membres du

groupo Optronique soient chalsureusaemnt roeorcihs pour lour aide appor-

the A l'mm*lioration du Transmisnioubtre.
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DISCUBBION

D. N8XS
What experimental method did you use to measure aerosol size distributions up to about
40 m above the sea surface?

AUTZORO'S RPLY
In a marine environment, measurements were made between 3-15 m depending on the kind of
Navy ship available. For higher altitudes, we used an elevator between 3-45 m located
at a cliff. Effects of the cliff may have affected the aerosol size distributions.

N. OHUTTLI
Your results showed the measured trarAmission was higher than predicted by the LOWTRAN 6
Navy Maritime Aerosol Model which means the aerosol extinction for LOWTRAN was higher
than your measurements which is the reverse of what the previous speaker showed.

AUTSOR'S REPLY
There may be a difference between the S. Uist and the Mediterranean environments.

3. BRITTLE
The change in the Navy Maritime Aerosol Model between LOWTRAN 6 and LOWTRAN 7, as point-
ed out by J. Ridout, does in fact tend to reduce the numbers of the larger aerosols
which could explain some of the differences. This change was provided to AFGL by S.
Gathman of NRL based on measurements of H. Hughes at NOSC. Also, the uncertainties in
the molecular contribution due to errors in measuring the temperature and relative
humidity could account for some of the differences.

AUTNORO' RUPLY
I sincerely regret that my data on the Navy Maritime Aerosol Model are already obsolete.
I should get the latest version of the model, particularly since it addresses the third
mode of the aerosol distribution covering particle sizes larger than 2 micron in radius.
This size range considerably affects transmission in the 3-5 micron and 8-12 micron
bands.

J. RIDOUT
I agree that the values presented in the first paper do contradict somewhdt those of the
second but we were discussing only aerosol extinction. Also this paper used a different
equation for the quantity A3 than the first.

AUTHOR'S RNPLY
The new Navy Maritime Aerosol Model, at first sight, meems to lower the wind effect on
aerosol concentration and, therefore, restore the transmission rates in the IR; this
brings the results of our experiments into closer agreement.
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A new Michelson-type interferometer system operating In the infrared at very high
resolution (0.002-0.003 wavenumber FWHM) has been used to record numerous balloon-borne
solar absorption spectra of the stratosphere, ground-based solar absorption spectra, and
laboratory spectra of molecules of atmospheric interest. In the present work, we report
results obtained for several important stratospheric trace gases, HNO 3, ClONO , H02 NO 2,NO2 , and COF 2, in the 8- to 12-om spectral region. Many new features of these gases
have been identified in the stratospheric spectra. Comparison of the new spectra with
line-by-line simulations shows previous spectral line parameters are often inadequate.
New analysis of high resolution laboratory and atmospheric spectra and improved
theoretical calculations will be required for many bands. Preliminary versions of
several sets of improved line parameters under development are presented.

1. Introduction

(NU) A new Michelson-type interferometer system capable of recording broadband
infrared absorption spectra at an unapodized FWHM resolution of 0.002 wavenumber hau
recently become operational for field and laboratory use. This instrument, which iu
operated by the University of Denver Atmospheric Spectroscopy Group, is a modified
version of a commercial instrument (Bomem model DA3.002) and has been used to record
numerous balloon-borne solar absorption spectra of the stratosphere, ground-baued solar
absorption spectra, and laboratory spectra of molecules of atmospheric interesý. A
description of the spectrometer system has been reported [Murcray et al., 1989]. In
this paper, we present the analysis of these spectra to obtain new information on the
absorption by five important stratospheric trace gases, iHNO , CION0 2, H02NO 2 , NO2, and
COF 2 , in the 8- to 12-pm region. Numerous new absorption •eatures of these gases have
been observed in the balloon-borne and laboratory spectra. Sample flight and laboratory
spectra in regions useful for quantifying the concentrations of these gasos in the
stratosphere are presented. Analysis of the new features shows much of the available
line parameters are Anadequate, and new spectroscopic studies are required. Preliminary
versions of several sets of improved line parameters under development are presented.

(NU) The belloon-borne solar spectra were obtained during two recent flights from
320 N latitude. The first flight occurred on the afternoon of November 18, 1987, from
Fort Sumner, New Mexico. Data were obtained on the ground, during ascent, and from the
float altitude of 37 km for solar zenith angles less than 850. These spectra cover 700
to 1350 wavenumber at 0.002 wavenumber resolution. The second flight was conducted from
Palestine, Texas, on the afternoon and early evening of June 6, 1988. During this
flight, 0.003 wavenumber resolution spectra were recorded from high suv angles through a
solar asjtronomical zenith angle of 94.810 (tangent height of 15.4 km). Lower sun data
were Ihen recorded at reduced resolution (0.02 wavenumber) for zenith angles down to
95.410 The data from the second flight cover 650 to 1300 wavenumber. Selectud regions
of the spectra from both flights have been published in an atlas format with line
positions and identifications of the measured atmospheric and solar features [Goldman at
al., 1988a). 2  

For well resolved lines, the positions have an estimated accuracy of
+ 0.0002 wavenumber with r 1 pect to standard calibzation lines of CO2 and N20. Results
Ff an analysis of the O-Isotopic composition of stratospheric ozone above 37 kmn
altitude obtained from analysis of these spectra with significantly improved n rmal and
isotopic ozone line parameters has also been reported [Goldman et al., 1988bj.l

2. Results

2.1 Nitric Acid (HN0 3 )

(NU) Recently, a number of important infrared and far infrared bands of nitric
acid have been analyzed s• high resolution for the first time: thg V6, "7, and v8 bands
by Maki and Olson (19881, the ", band by Goldman at al., [1980c], and the v + v 9 band
by A. Maki (private communi, Lion, 1988). Based on these studies, llne-by-llno
spectroscopic parameters have been generated for use in atmospheric studies (A. Maki,
private communication, 1980). The v8  fundamental (band center 763.154 wavenumber)
and the vo + v combination band (band center 1205.707 wavenumber) fall within the
region covered gy the now balloon flight and laboratory spectra.



(NU) The v fundamnntal band is relatively weak, but it contributes significant
absorption over tong atm.ispheric paths. The Q branch at 763.1 wavenumber is the most
prominent feature and was identified several years ago in 0.05 wavenrmber resolution
stratospheric solar absorption spectra [Goldman et al., 1982; 1987]. Figure 1 shows
the 762.0-764.0 wavenumber region containing the Q branch in a 0.002 wavenumber
resolution HNO 3 laboratory spectrum and a sequence of stratospheric spectra obtained at
0.003 wavenumber resolution during the June 1988 balloon flight. All of the spectra are
on the same scale, but have been offset vortically for clarity. The uppermost solar
spectrum is the sum of 24 stratospheric scans, recorded while the solar zenith angle
increased from 630 to 730, so the value listed in the figure (680) represents an
average. The other spectra are low sun scans with tangent heights of 26.1, 21.0 and
15.6 km. The strongest part of the Q branch appears in the solar spectra as an
unresolved feature overlapped by a number of lines of ozone. The HNO feature is first
detectable at a tangent height of 30.3 km (not shown in the figure) an3 is then observed
to strengthen rapidly with decreasing tangent height. Figure 2 compares a balloon
flight spectrum over a narrower interval along with simulations generated for the same
atmospheric ray path using the new IINOj line parameters, 03 line parameters from th•
work of Pickett et al., [19B8],° the 19 6 HITRAN compilation [Rot an et al., 1987],
and the reference volume mixing ratio profiles of Smith (1982].ý"' The HNO. Q branch
absorption in the measured and calculated spectra are in good agreement. be 03 line
parameters provide a s~gnificant improvement over those on the 1986 HVTRAN compilation
[Rothman et al., 1987).
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Fig. 1. ,Laboratory spectrum of IIN03 at 0.002 cm"I resolution (top) and a 6equence u_
0.003 cm"1 resolution atratyspheric solar absorption spectra in the 762 to 764 cm-
region covering the 763.1 cm". HNO3 v8 band 0 branch.
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(NU) Laboratory spectra [Goldman et al., 1971;
1

lMaki and Olson, 1988]4 show the
HNOa V8 band 0 and R branches are strongest near about 745 and 780 wavenumber. The
R Sranch is significantly more intense than the P branch due to vibration-r - on
interactions. It has been possible to identify numerous weak HNO3 features ne=.: Ane
R branch peak in the new balloon-borne solar spectra. Of particular interest are the
features that can be ilentified in the region of the 780.2-wavenumber v4 CION02
Q branch. These features are discussed in the next section.

(NU) Figure 3 shows a sequence of the high resolution flight data along with a
laboratory spectrum of HNO in the 1204 to 1206 wavenumber region, which covers the
"V + V9 HNO3 Q branch at lO5.6 wavenumber. As in the case of the V8 band, the
Q branch is the most prominent feature of this band. Weaker features of the HNO..
"V + V9 band have also been identified in the stratospheric spectra from about lied
t2 1220 wavenumber. In Figure 4 a narrower section of the 0 branch region from one of
the flight spectrum is plotted on an expanded vertical scale along with a simulation of
the data including the HNO 3 line parameters generated recently by A. Maki (private
communication, 1988). The agreewtinL between the positions and relative intensities of
the measured and calculated features is very good. Additional comparisons of the new
theoretical parameters with high resolution laboratory data are required for the
validation of bouth the v8 and v + v9 line intensities before atmospheric HN0 3 profiles
derived from these features can ge preaented.

LAM HNO3 1.0 TORR 2CM CELL
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Fig. 3. Laboratory spectrum oE IIN03 at 0.002 cm-1 resolution (top) and a Luquuence o
0.003 cm"- resolution stratosphuric •olar absorption upeutra covoring thu 1205.6 cm"i
HNO 3 98 band Q branch. Thu laboratory spectrum was recorded with 1.0 Torr of "NO3 in a
22 cm path length obsorption cull at 23 0 C.
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(NU) The high resolution of the now balloon-borne and laboratory spectra has also
revealed the need for improvement in the parameters for the v5 and 2v 9 HNOi bands.

These discrepancies are not apparent at lower resolution in t% regions Most £avorabjq
for quantitative analysis HNO 3 [cf. Goldman et al., 1984; Murcray et al., 1987;
Rinsland et al., 1988].21 Figure 5 presents a sequence of June 1988 balloon flight
spectra in the 868 to 870 wavenumber region, which is dominated by the regularly-spaced
serie* of P-branch manifolds from the HNO3 v5 band. These features are first observed
at a tangent height of 33.7 km, and then strengthen rapidly as the zenith angle
increases. In the lower stratosphere, it can be seen that some of the fine structure
within the manifolds is lost due to pressure-broadening of the lines. Figure 6 shows a
comparison between a lower stratospheric balloon-borne spectrum at 0.003 wavenumber
resolution "'c1 simulations of the absorpti~n calculated using the reference HNO3 volume
mixing rati, profile of Smith [1982]. The absorption in this region is almost
entirely due to HN0 3 with the strongest features res'Ating from v 5 band P25 manifold at
868.1 wavenumber. The upper panel shows a predijted spectrum computed with the
parameters on the 1986 HITRAN compilation [Rothman et al., 1987];9 the lower panel
presents a calculation with a set of revised line positiona for HN0 3 . As can be seen
from the figure, there is close agreement between the predicted and measured intensities
of the P-branch manifold features in both calculations. However, in the upper figure
the calculated positions for some of the individual lines within the manifold are
significantly different than the measured values. At this resolution, these
discrepancies, which are produced by level crossing resonances between the Fermi
interactini v5 and 2v 9 vibrational states, are quite apparent. The revised calculation,
from work in progress by A. Maki (private communication, 1988), correctly accounts for
the resonance perturbations, as shown in tile lower figure. Similar agreement is
obtained for the other manifolds in the region of atmospheric interest (860-875
wavenumber). Additional work is needed, however, since discrepancies between
measurement and calculation remain for the weaker features outside the manifolds (e.g.
Fig. 6).

2.2 Chlorine Nitrate (ClON0 2 )

(aU) In Figure 7, we show a sequence of four 0.003 wavenumber resolution
stratospheric solar spectra from the June 1988 flight in the 780 to 782 wavenumber
region covering the ClONO2 j4 band Q branch at 780.2 wavenumbur. The CIONO2 v 4 band
O branch is clearly visible in spectra at solar zenith angles hbelow 920. In contrast to
earlier lower resoluti? measurements (Rinsland et al., 1985;15 Zander et al., 1986;16
Zander et al., 1987],29 the 03 line at 780.2143 wavenumber and th" CO 2 line at 780.2314
wavenumber are resolved and are clearly much narrower than the CIONOe Q branch
absorption. The 03 line occurs close to the ClONe 2 Q branch absorption peak at 7U0.213
wavenumber, whereas the CO 2 transition, the stronger of the two lines, is centered about
0.018 wavenumber above the peak, in agreement with simulations with the linelist.
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Fig. 5. Paboratory spectrum of HNO 3 at 0.002 cm- 1 resolution (top) and a tinquence u
0.003 cm- reuolution stratospheric solar absorption spectra in the 868 to 870 cm-
region showing several P branch manifolds of the HNO 3 v 5 band. An asterisk marks the
manifold &hown on an expanded scale in rig. 5.

(NU) Figure 8 show. two laboratory spectra of CIONO and t:wo laboratory 6pecti., of
IINO 3 in the 780 to 782 wavenumber region at 0.002 wavenuZur L•uoluhlon. Au can be seen
from the figure, significant HN8O absorption is observed throughout the region with a
number of l es overlapping the C10N0 2 Q branch. Earlier laboratory spectra [Murcray et
al., 1984] show the CIONO 2 Q branch as an unresolved feature at 0.02 wavenumber
resolution. The new higher resoutlion laboratory spectra show significant fine

S%



structure within the Q branch. The structure is consistent with the features observed
recently in tunable diode laser spectra (D. Sttiart, NPL, private communication, 1988)
and suggests the effect of resolution may be important in evaluating cross sections for
the CIONO Q branch. Indeed, comparisons of peak absorption cross sections report

for the taiO2 Ql bran• at room temperature (e.g. Davidson et al. [1987];1

Ballard et a 19881) and resolution-degraded versions of the new laboratory spectra
show the peak cross section increases substantially from -. 06 to 0.002 wavenumber
resolution, but more than 30% differences exist between the results of the
various laboratories (S.T. Massie and A. Goldman unpublished results, 1988). Hence,
much further work is needed before stratospheric CIONO 2 can be quantified accurately
from infrared measurements.
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Fig. 6. Comparison of a 0.003 cm-I resolution balloon flight spuc~trum with lina-by-line

simulations in the region of the IINO3 I'25 manifold at 86U.I cm-'. Thte balloon flight
spectrum was recorded at a float o1-altitude 36.75 kmn. In the upper pdnel (-.), the
synthetic spectrum was generated with the HNO• line parameters on thu 1986 HITRlAN
compilation [Rothman et al., 1987]. In the lower panel (b), the simulation was
generated with the P-branch manifolds positions shifted to account for rusonanceo
between rotational levels of the 95 and 2v9 interactlngj vibrational states.
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Fig. 8. The 780-782 cm-1 region of two HNO 3 and two CloO 2 laboratory spuectta recorded
at 0.002 cm- 1 resolution with the University of Denver interferometer systcm. T'he upper
two spectra were obtained with l"NO3 in a 22 cm path at 23.OC. The lower two spectra
were recorded with ClONe 2 in a 10 cm path length r-1l at the same temperature. Asterisk
marks the two HNO 3 features identified in the balloon flight spectra in Fig. 9.

(NU) The 780.2 wavenumber region at 0.003 wavenumber resolution is shown on an
expanded scale in Figure 9, where a balloon-borne solar rpectrum of thu lower
stratosphere and a simulation of the data are presented. The solar spectrum was
obtained by coadding June 6, 1988 flight spectra reccrded at astronomical zenith angles
of 94.U70  and 94.810 (tangent heights of 21.0 and 15.4 km, respectively). The
simulations include the new line parameters for the HN0 3 ,gO band and ClONO 2 empirical
line parameters from the study of Rinsland et al.[1985]; line parameters for other
gases and the volume mixing ratio profiles are the same as those used in simulating the
HNO 3 v$ branch region. It can be seen that significant HNO 3 absorption is predicted in
this interval. The asterisks indicate two features in the balloon flight spectra with
measured positions of 780.165 and 780.179 wavenumber. These features are superimposed
on broad absorption by the low wave number wing of the unresolved C1ONO2 Q branch. The
positions and strengths of these two features correspond closely with peaks in the
calculated HNO 3 absorption spectrum at 760.1664 and 780.1787 wavenumber, each of which
is an unresolved doublet in the line list. These predicted features are also marked
with isterisks in the 0.002 wavenumber resolution laboratory spectra presented in
Fig. '. The two HNO 3 features were observed previously as a single unresolved peak near
780.180 way number in 0.01-0.02 ,venumber resolution solar spec le (Rinalund et
al. (1 9 8 5 ],yJ Zander et al. [19860], and Zander and Demoulin [1988]).
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Flg. 9. Comparison of a 0.003 cm- 1 resolution balloon flight spectru.• with line-by-line
simulations in the region of the v, band CION0 2 Q branch at 780.2 cm- . The spectrum at
top is a calculation of the HNO 3 absorption. The lower simulation was generated with 'A
all gases, including H103. Asterisks indicate two features assigned to HN0 3 that
overlap the CIONO 2 Q branch. Nearby lines of CO2 and 03 are also identified (see text
for details).



(NU) The weaker v band Q branch at 809.4 wavenumber falls directly on top of a
strong CO 2 line at 809.3717 wavenumber, so the CIONO 2 fine structure cannot be seen.
Away from the CO line, the weaker fine structure is not visible, but the broad
depression from this band between 809.0 and 809.7 wavenumber can be detected on the
94.070 and 94.810 scans (tangent heights of 21.0 and 15.4 km, respectively) by
overlaying the low sun data on the coadded high. sun spectrum. In addition, in the
luwest zenith angle scans recorded during the flight (95.20, 95.30, and 95.40), the v
O branch of CHCIF 2 (CFC-22) at 809.1 wavenumber appears on the low wavenumbur s e 01
the ClONO2 broad feature, in agreement with the analysis by Zander et al. 11987].

(NU) The flight spectra also show absorption by the 1292 wavenumber ClONO 2 v
band Q branch, the strongest feature of ClONO in the infrared. Because of the improved
spectral resolution, significant fine structure within the Q branch has been observed
for the first time in both the laboratory and flight spectra. However, stratospheric
quantification from this spectral region is difficult because of a sorption by numerous
interfering lines from several molecules [Goldman et al., 1987]. At present, the
primary problems are the poor agreement be een the reported low týýperature CION0 2 v
band cross sections [Davidson et al., 1987; Ballard et al., 1988] and the absence of
line-by-line parameters for the HNO lines which absorb significantly in this region.
Absorption is produced by the v3 (1307 wavenumber) and the stronger v4 (1326 wavenumber)
bands 2  Recent high rioplution laboratory studies of the 1HN03 band [Webster et al.,
1985;22 Webster, 1988) are being extended to cover the 12t0 to 1295 wavenumber region
(R. 0. May, private communication, 1988).

2.3 Peroxynitric acid (H021402 )

(NU) In Figure 10, we show a H0 2 NO2 laboratory spectrum at 0.004 wavenumber
resolution (top) and the sequence of four 0.003 wavenumber resolution stratospheric
solar spectra from the June 1988 balloon flight. This region contains the H02 NO2 v 6
Q branch at 802.7 wavenumber, which is relatively free of strong atmospheric
interference and is the most suitable infrared H02 NO2 feature for atmospheric
measurement. Line positions and identification: of stratospheric and solar features
derived for this region from the flight spactra have been included in the new
stratospheric atlas (Goldman et al., 1988a]. The laboratory spectrum shows two
prominent peaks near 502.57 and 802.79 wavenumber within the Q branch (marked by
asterisks). In addi 0on, fine structure not apparent at 0.04 wavenumber resolution
[Murcray et al., 1 9 84LG] can be seen. Similar fine structure is observed in the very
high rqjolutlon laboratory spectra presented by Webster [1988]23 and May et al.
[1988].1" When plotted on an expanded scale, the laboratory spectrum in Fig. 10 shows
each of the two peaks is split at the higher resolution into two nearly equal intensity
components. The feature at 802.57 wavenumber resolves into components at 802.5697 and
802.5754 wavenumber. In the lower stratosphere, these components would undoubtedly be
pressure-broadened into a single feature at 802.5726 wavenumber with a FWHM of about
0.006 wavenumber. Similarly, the 802.79 wavenumber feature resolves into two components
at 802.7859 wavenumber and 802.7903 wavenumber, which blend into a feature centered at
802.7881 wavenumber with a FWIIM of about 0.006 wavenumber.
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Fig. 10. Laboratory spectrum of I"0 2 N" 2 recorded at 0.004 cm- 1 resolution (Lop] and a
sequence of 0.003 cm- 1 resolution stratospheric solar absorption spectra fvom the Junn
1988 balloon flight. _The spectral region contains the relatively strong H02 NO v• band
Q branch at 802.7 cm-I. Asterisks beneati the laboratory spectrum show two peaL• In the .7
Q branch observed previously in 0.04 cm'* resolution laboratory spectra [Murcray et al., j
1984].
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(NU) Figure 11 shows the H2O2N02 Q branch region in a lower stratospheric solar
absorption spectrum at 0.003 wavenumber resolution obtained by coadding 4 of the scan s

from the June 6, 1986 balloon flight. A weak feature at 802.5728 wavenumber (marked by
an asterisk) coincides very well with the lower frequency H02 NO2 peak obser !ed in the
laboratory data. This feature has also been observed in 0.01 wavenumber stratospheric
solar spectra re~grded by the ATMOS instrument during the Spacelab 3 mission [Rinsland
et al., 1986a], but the ATMOS data yield a slightly higher measured position of
802.5767 + 0.0004 wavenumber. Both measuremenIts ar lower than the position of a nearby
CO 3 line (R16 of the 11101-10002 band of 0 C 60), which is listed at 802.5844
wavenumber on the 1986 HITRAN compilation [Rothman et al., 1987].9 Although this CO2
line has not been measured in the laboratory, both the upper and lower vibrationaf
levels have molecular constuts that are well determined from high resolution
measurements [Rothman, 1986], so the position of this line should be accurately
computed. The coadded solar spectrum in Fig. 6 shows no evidence for this CO 2 line at
its predicted position, which is too far away to be blended with the H02 N02 peak at the
high resolution of the data. Also, it can be noted that the 802.5728 wavenumber feature
is significantly broader than nearby single lines, indicating that it cannot be
attributed solely to a single, absorption line. The H02 NO2 feature at 802.7881
wavenumber is less than a resolution element from a much stronger 03 line at 802.7900
wavenumber an~sis therefore masked. In contrast to the ATMOS observations [Rinsland et
al., 1986a), the balloon-borne spectra do not show evidence for broad absorption by
the H0 2 NO2 Q branch envelope.

1 .0 University of Denver 6/6/88 Balloon Flight

0.9-

c: 0.85
40)

*HO 2 NO2 ?

0.61 1 - J

802.0 802.2 802.4 802.6 802.8 803.0

Wovenumber (cm-!)
Fig. 11. Balloon-borne lower stratospheric solar absorption spectrum (0.003 cm-
resolution) in the region of the II0 2 NO2 Q branch at 802.7 cm- . The spectral data ar
plotted on an expanded vertical scale to show an absorption feature at 802.5728 cm-
(marked by an asterisk) tentatively assigned to H0 2 N0 2 .

2.4 Nitrogen dioxide (NO2 )

(NU) In previous studies, spectral lines from both the v 3 (1617 wavenumber) and
the V V (2906 wavenumber) bands have been used extensively for the identification
and consistent quantification o 7 atmospheric N02 from Wlloons, aircraft, and aound-
based measurements (WMO, 1986; Flaud et al., 1986; Goldman and Chen, 19886].z The
high -asolution of the present flight data shows the fine structure of several
0 branches of the much weaker vý band, especially in the 800-830 wavenumber region,
where interference by other species is small. These Q branches have been o~ervyd as
unresolved fea res in the ATMOS stratospheric spectra [Zander et al., 1986; Rinsland
et al., 1987].b

(NU) Figure 12 shows two balloon-borne solar spectra in the region of the
Q4 subbranch of NO2 at 825.6 wavenumber and simultaneous least-squares best fits to

both spectra. The NO9  line parameters used ýn the calculation were taken from the
HITRAN 1986 compilation Rothman et al., 9871; the calculated absorption features are
in good agreement with those in the flight data. The quantitative results are in
general agreement with results obtained from other stratospheric data covering the v 3
and t 1 vI + V3 bands. The more recent study of the NO2 V2 band by Perrin et al.
[19881 should provide further improvement in the line parameters in the near future.
The 03 line parameters used here are from Pickett et al. [19881.8 As noted for the
other intervals, these new 03 parameters produce signi;icantly better results than those
on the 1986 HTTRAN compilation [Rothman et al., 1987].'

2.5 Carbonyl fluoride (COF 2 )

(NU) COF was first observed in the stratosphere from analysis of the
ATMOS/Spacelab 3 spectra where features in the 1925-1960 wavenurmiber (unresolved uI band
manifolds), 1249-1255 wavenumber (v4 band features) ond 774 wavennjber (unresolved v 6
band Q branch) regions were Identified [Rinsland et al., 198Gb].'" At the time, no
spectral line parameters were available, and empirical absorption parameter5 in the v 1
and the v6 regions were used to determine preliminary COL?2 vertical profiles.
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6/6/88 FUGHT PALST TEXAS N02

1.0- ,,,. -93.34*

26.0 KM

i.O -94,07*K 21.0 KM

0.o

0.0

825.52 825.67 825.82
WAVENUMBER (cm")

Fig. 12. Examples of simultaneous least-squares fits of two stratospheric spectra In
the region of the R04 amubbranch of NO, Y2 band at 825.6 cm" 1 . The measured spectra was
recorded at 0.003 cm- resolution cfuring the June 1988 balloon flight. The least-
squares best-fit spectra (smooth curves) are in good agreement with the measurements.

(NU) The flight data presented here reveal numerous resolved COF 2 lines (actually
K-doublets) of the v4 band, such as those shown in Fig. 13 for the 1250-1252 wavenumber
region, as well as absorption by the v4 band Q branch at 774 wavenumber as shown in
Fig. 14. Since the ATMOS ana sis, line parameters for the v6 band have become
available. [Thakur et a!. 1987]j and were used in the present studies. Recent
laboratory spectra recorded at 0.002 wavenumber with the Denver Interferometer system
(such as shown in Fig. 13) were used in the present study for generating individual line
parameturs for the 1230-1260 wavenumber region. This ; s feasible because of the
preliminary vt band analysis by Lewis-Bevan et al. [1986],• from which it was possible
to derive assggnments, spectroscopic constants, positions, lower state energies, and
relative line intensities. After scaling the intensities, synthetic spectra fit the
laboratory spectra very well over limited spectral regions, including the most favorable
regions for analyzing the v4 band features in the stratospheric spectra (near 1250 and
1235 wavenumber). The new line parameters are available from the authors on request.
However, the effects of perturbations can be seen in the spectra, since the locations of
several lines are displaced from their predicted positions. Hence, additional work is
needed to explain these perturbations before a reliable list of pdrumeters can be
calculated for the entire band.

LAB•C co O.R TORR 10c•C ELL
6 JUNE 1988 3jGiKU 66 36.8KM 93.31 36.OM 94.1" 36 ,KU 94.-0

-F---I

0.

1ec=.0 nr eou5nstaopei slrasrton sp •ectafo teJn

Fig. 13. tLaboratory spectrum oif COL.2 iecordod a'. 0.002 cm-1 resolutiun, (top) and a

198ballo~n flight. The spectral region contains sIuveral manifolds of the COF 2 v,4
hand.

Z4



4-10

LAD COF2 0.2 TORR IOCH CELL
i JUNE 1985 36.9KM 8e" 36-8OK 93.3' MAMKA 94.1' 36,5KH 9418

0.0
I , I L ,iL , L .L ' I , , , I

773 774 775

WAVENUMBER (cn-')

Fig. 14. Laboratory spectrum of COy2 recorded at 0.002 cm-I resolution (top) and a
sequence of 0.003 cm- 1 resolution straiospheric solar absorption spectra from the June
1988 balloon flight. The spectral region contains the Q branch of the COV 2 V 6 band.

(NU) The 0.02 waygnumber resolution laboratory spectrum of COV 2 in the atlas of
Murcray et al. [1984]•v shows absorption by the v4 band extending from about 1210 to
1270 wavenumber. The new 0.002 wavenumber resolution laboratory spectra (such as in
Fig. 13) show numerous resolved lines over this interval, many of which are clearly seen
in the flight spectra between 1230 and 1260 wavenumber. This interval is also the most
favorable infrared region for detecting HOCI and H 02. Hence, an accurate set of
spectroscopic parameters for the COFl2 v band is needed to calculate the effects of COF2
spectral interference near the predicted 11202 and HOCI line positions. While no H 0
and HOCI lines have been idi.rntifiqd yet in the new balloon spectra, it has been n ed
that the 11202 line parameters on the 1986 HITRAN compilation [Rothman at al., 1987] do
not reproduce our recent 0.902 wavenumber resolution H2 0 labatory spectra, particularly
in the wings of the band. A new analysis based on t-he new laboratory spectrý is in
progress. The recently improved 03 line parameters (see Goldman et al. [1988b] for a
description) provide good simulations to the stratospheric 03 lines in this region.

(NU) Both the v4 and the %6 COF 2 regions have been used for preliminary
simulations of the flight spectra, as shown in Fig. 15 and 16. The initial results
suggest the possiblity of an increase in the concentrationi of stratosphurlc COF 2 as
compared to those measured by ATMOS [Rinsland et al. 1986b].3"2  urther analysis of the
laboratory spectra to obtain improved energy levels and line intensitiea is in progress
and will be used for more detailed quantification of strat.osphoric COF 2 .

University of Denver 6/5/88 Oalloon Flight

1.0

.t• 0.9'

'V

C 0.8

0.7- Upper: Calculated (COF 2 only)
Middle: Calculated (All gases)

Lower: Measured (94.070 scan, Tang.Ht.=21.0 km)
0.6 - i

1250.1 1250.2 1250.3 1250.4 1250.5
Wavenumber (cm- 1 )

Fig. 15. Comparison of a 0.003 cm- 1 resolution balloon Ll ight jpuctrum with ]in(.-by-
line simulations in a region containing a number of feuturu.:: of the v4 band (f COE2.
The solar spectrum was rucorded from a float atiLtudu of 36.63 'In.
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>=• 1.0

C

Upper: COF 2 only
SMiddle: All goase

,Lower: Measured 94070.6 - - ---

773.6 773.8 774.0 774.2 774.4
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Fig. 16. Comparison of a 0.003 cm-I resolution balloon flight spectrum with line-by-
line simulations in the region of the v6 band Q branch of COF 2 . The solar spectrum was
recorded from a float altitude of 36.63 km with the tangent height computed to be
21.0 km.

(NU) Based on the analy s of the v2 band of COF at 963 wavenumber reported by
Lewis-Bevan et al. [1985], a listing of predic ed line positions, relative
intensities, and lower state energies has been generated. After scaling the
intensities, simulations with these parameters show good agreement with the new high
resolution laboratory spectra. A*lti;ough the predicted features of this band are quite
weak, a few weak features of this band near 955 wavonumoer have been tentatively
identified in the balloon flight spectra.

3. Summary and Conclusions

(NU) We have reported the analysis of new infrared spectroscopic observations of
several important stratosphe ic trace gases obLained with a 0.002 wavenumber resolution
interferometer system. The molecules studied are HN0 3, CIONO 2, 1102NO, NO2 , and COY.
The stratospheric solar spectra, ground-based solar spectra, and laboratory spectr*a
reveal new details of the absorption by these molecules in the 8- to 12-pm window
region, which is important in determining the radiative heat balance of the atmosphere.
It has been possible to assign numerous previously unidentified features to these gases
in the stratospheric spectra and incorporate new spectroscop$.c parameters for their
simulation. Many of these features are not accounted for in the available line
parameters compilations. The excellent agreement between the highly precise laboratory
and stratospheric positions and the broadened width of the 802.5728 wavenumber feature
in the flight data provide significant new evidence for absorption by the H02 NO2 802.7-
wavenumber Q branch in the lower stratosphere. The improved resolution of the flight
measurements has also revealed additional dutails of the interference in the CIONO 2
780.2 wavenumber Q branch region, including the Identification of two overlapping HNO
features. New features of other trace gasen (e.g. CF 4 in the 1283 wavenumber regioný
have been identified in the stratospheric spectra and are currently under study.

(NU) The present work has shown previous spectral line parameters are often
inadequate at the high resolution of the new balloon-borne spectra, and new analysis of
high resolution laboratory and atmospheric spectra and improved tbeoretical calculations
are required for many moiecular bands of atmospheric interest. Such preliminary studies
have been presented here. Additional studies will be needed for accurate quantification
of the vertical profiles of these and other gases in the stratosphere from high
resolution spectra.
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DZSCUSNION

J. ELB¥
You mentioned that it is very important to characterize the atmospheric path along your
line of sight to the suin. I agree this is very important. However, for low sun angles,
when the sun in near the horizon, the transmission along the line-of-sight to the top
and bottom of the solar disc can vary significantly and it is necessary to account for
this when simulating your measurement conditions. Do you account for this?

RUTNORIS REPLY
Yes.

1.t
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Ground measurements have been perforned which provide us with an accurate method of measuring ultra-
violet radiation sources propagating through the atmosphere. This method of measurement effectively mini-
mizes tne influence of the atmosphere in the detection of UV sources at equal or greater altitude at the
specific time the measurements are being made, allowing us to evaluate propagation losses. Radiation of
wavelength 3000-3700 A was collected and recorded by a UV imager mounted onto an 18-inch Casseqrain tele-
scope situated on Santa Ynez Mountain, California at an altitude of 1.26 km above sea level. Various
meteorological and topographical conditione deteen!ne the transmittance of the incident starlight through
the atmosphere. Our measurements were taken under optinun conditions (little or no cloud cover, visibility
greater than 20 km). The atmospheric transmittance code lOWRAN 6 was used to generate transmittance as a
function of observation angle and meteorological range (quantitative measurement of visibility). Omparing
the measured intensity of one star to its known absolute intensity above the atmosphere determines the trans-
mittance for any point in the sky. In addition, extinction coefficients were measured at our observation
point and at ground level using a photometer and a standard UV source. Both the stellar and photometer data
indicate that the meteorological range during our ten day period of obec, vation varied from 20 to 30 km
Therefore, our method was useful in ancounting for changes in the atmosphere. UJnder these optimum
viewing conditions, ground-based measurements of various high altitude sources of radiation such as rocket
pliuwee or vehiclo qgl.w with a maxin•or error due to transmission losses of 10% should he ponsible.

2. I•rADUCTIONI

Atmospheric effects in the observation and identification of distant radiation-emitting sources depends
strongly on observation point and existing meteorologic conditions. Aerosol absorption and molecular
scattering are main contributors to this problem. Since the presence of the atmosphere will inevitably
result in soe loses of transmission, it would be useful to develop a method of observation which will mini-
mize the effects of iha atmosphere in intensity measurements of distant sources. This reguiros knowing the
state of the abnosphere accurately at the time these raeasuremonts are being made and being able to account
for any fluctuation* in the data.

The computer code LXWrRAN 6 which was developed at the G3ophysics LaboratoryI has been noon to
accurately calculate radiances and transmittances for a wide range of atmospheric and seasonal condition;
for radiation of wavelength X - 2000 A -40 M. An example of LCqIMAN 's usefulness in making
transmittance calculations is shown in Figure 1. Here transmittance an a Cunction of near-UV wavelength
is seen for observation out to space from sea level along a slant path of 490 elevation. Ihfe curvos are
generated assuming a 1962 standard atmosphere with rural-tyM. aerosol extinction of moderate concentra-
tion. However, these calculated values can only reflect the true atmosphuric conditions which are
averaged over scne finite time scale. If the location of one's observation point in subject to rapidly
varying weather conditions, the error inherent in one's measurernonts may be unacceptable.

Experimental error can be reduced if a direct calculation of atmospheric transmittance can he made
just prior to or immiediately following the set of principal measurements. Such transmittance measurements
are possible by way of several methods. One such method is calculation of ground level extinction which
has the advantage of being fairly accurate although somewhat inconvenient. A second option, and one that
allows itself more readily to swift execution is the measurement of known stellar sources. Itiese are
performed using the same instrumentation which is involved in the principal measurements. This procedure
has the further advantage of ths apparent stellar Intensities being measurable over a variety of slant;
path gecmetries, thereby allowing for azimuthal as well an altitude-dependent determination of atmn.-
spheric transmissions.

3. FIELD EXPERIMMIS

In the initial experiment, measurements of stellar radiation in the wavelength range i3000-3700 A
were m&d during the period 18-25 Jaruary 1989 from an observation point atop Santa Ynez Mountain, Cali-
fornia at an altitude of 1.26 km above sea level. At this position, we were above 70 of the approximately
two kilaomtgr maritime boundary layer. The instrumentation Lis basically the same as described in a pre-
vious papec.'. An ff7.3, 131 in. focal length Cassegrain telescope mounted on a CINE sextant is used for
purpose of lilht collection.

Stellar sources were manually brought into focus with the help of a small tracking ocope mounted
beside the I8-in. cassegrain. Several inches behind the telescope was placed a UV imiager which consisted
uf a filter wheel followed by the image tube assembly, after which the 25 am dictator phomphor image was
relayed onto an intorline transfer CMO-type solid state television canrsra. A magnetic tape Carnette
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recorder was used to store the data (see Figure 2). In order to account for the wide range of intensities
which were to be encountered and to prevent possible saturation of the photocathode, the exposure time
for the images could be varied fr one to 15 mesc. Stars of extra e ly strong intensity could be handled
with the addition of neutral density filters to the basic band pass filter 4se Figure 3). ona slat in
the filter wh*4l was reserved for a quartz lens to aid in the location of very dim stars.

About one minute of useable data was taken for each star in which the object of the measurement was
to keep the stellar image in the middle of the video screen to docrease the effects of optical aberration
and non-unifoonities in the image display. In addition, a centrally located image made data retrieval
and subsequent analysis more manageable. Again, poasible saturation of signal was monitored during ob-
servation with a portable voltmeter. Back in the laboratory, the data was analyzed on a Zenith 248 using
a frama-grabbing routine to freeze the tape frams and then digitize the recorded image.

The sums of the analogue digital units (ADU) were recorded for each star and calibration of our
imaging system yielded an equivalent photon flux. Variations in the readings, and therefore in the
atmosphere were observed Ihy "snapping" the image of the star for every few seconds of real-time data
and coparing the resultinq sums of ADUs. This point will be expanded upon in later sections.

In tho second part of our experiment, ground measurements of the extinction coefficients were per-
formed using a Hanovia mercury lamp as a portable source of near-UV radiation. The lamp was powered by a
portable generator and was moved to various distances away from our detection system. The source itself
was encased in a plastic box with a collimated opening. The output of the lamp approximated a point
source for the distances involved. Sighting scopes were placed on source and detector alike in order to
facilitate alignment. After being allowed to warm up for about 20 minutes, the lamp emitted at a fairly
constant intensity, with any such small change being noted and accounted for in the final analysis. In
this part of the experiment, detection was provided by a solar blind [IV photometer consisting of an EMR
photomultiplier with M)2Te photocathode. Photon counting techniques were employed in measurements of
intensity as a function of distance.

Ground measurnments were performed at two sites/ one at the obervation point at the top of Santa
Ynez Mountain alooi a slant path of -60 with respect to the horizontal (Site M) and at a second point
located at 400 feu above sea level (Site L). These latter measurements were made each morning of our
stay at Vandenburg AFB and were taken in order to give us an idea of the general meteorological range
(or visibility, v) of the area. The measurements performed atop the mountain were made Just previous
to stellar obnurvation. LOWITRN was used to calculate the effective meteorological range which cor-
responds to the measured extinction coefficient, k (see Table 1).

Table 1. Measured values of the extinction coefficient along a horizontal path at 400 feet above sea
level (Site L) and atop Santa Ynez Mountain at an altitude of 1.26 km (Site M). The
equivalent moteoroloqical range (v) as calculated by LC#IrAN is also listed. A 1962 Standard
atnosphere with rural extinction in used.

Date Encal time site Extinction coefficient k (kmi.) Met. Range v (km)

18 Jan 1400 L 0.32 37

20 Jan 1030 L 0.21 100

21 Jan 0900 L 0.31 40

22 Jan 1100 L 0.63 12

24 Jan 0900 L 0.62 14

20 Jan 1700 N 0.32 26

21 Jan 1600 M 0.73 6

25 Jan 0700 M 0.27 30

It should be noted how LOWMAN in able to discriminate between the two paths used in Table 1. As
an example, even though the extinction was measured to be 0.32 km- on 18 Jan at Site L and on 20 Jan
at Site M, the effective values of v reflect the change in altitude and olant path.

4. MomEs

Table 2 lists some of the stars which were visible during our observation period. tho photon flux for
each star was obtained from data of the Orbiting Astronomical Observatory (OO-II)3 and represents the
integrated total ptiotons/ cm

2
-&ev within the 3000-3700 A bandwith striking the top of the atmosphere

(see FIqure 4). (cmparing our measured photon fluxes to those in Table 2 qivos the transmittance of the
atmohe eluerdt for a particuelar observation elevation whhle i6 at a lert&in ta•int in ti ti. Lof a can
then be used to r ield a vala of meteonrolegvcal range which l equivalent to a dnetermination of aerosolc
concentration. The basic input paraimeters for this calculation Is altitude of observation point, hit
elevation angle of sighting path and an app)ropriante model atmosphere and aerosol type.
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Santa Ynoz's proximity to the Pacific Ocean and various rural surroundings allow for several possible
models. Rural extinction assumes the existenos of the products of reactions between various gaws (water
soluble substances, organic compounds) in the atmosphere and the presence of dust particles from the
surface. Maritime aerosols amr mostly sea-salt particles with a continental component similar to rural
models, but with tho larger particles eliminated.

We have generated curves of transmittae T veYrm I for ombinations of two different atmsopheres
and aorool extinction models at varying aerosol concentrations (see Table 3) with vu2-100 km, h 1-1.26
km and 0.3000-3700A. It is seen that at larger values of elevation angle, there is little variatlon
in transmittance over a wide range of visibilty values. riure 5 shmcs that for zenith viewing angle,
there is no more than a 25% change in the value of transmittance for a tenfold change in meteorological
range. Therefore, short term variations in the atmosephei are not expected to be immdiately observable
for intensity measurements made for %1l greater than 60-. However, at 0,1 - 20o, transmittance
can vary by a factor of two with the same tenfold change in v.

Tabla 2. Integrated stellar photon fluxes ( - 3000-3700 A ).

Star Photon flux p(hotons/cma-sec)

Sirius (a Cma) 1.6 x 106

Rigel ( Orn) 8.0 x 105

SOri 3.7 x 105

Procyon (a CMi) 1.9 x 105

Capella (a•Aur) 1.6 x 105

T UMa 9.3 x 104

Arcturus ( u 1=) 2.6 x 104

Polaris (a UMi) 2.1 x 104

The transmittance curves of Figure 5 are correspordinqly more sensitive to a change In atmospheric
model and aerosol type for shorter meteorological range. Maritime extinction aerosol models generally
increase the values of T for different elevation angles by three to four percent over those for vural
extinction. Midlatitude wintlr profiles qenerally predict transmittance valuues that run about two percent
smaller than those for the 1962 standard model. V•es moons that the maximum error involvel in our trans-
mittancs valueu duo to model dependence is about mix percent.

TransmLittanco versus visibility and elevation angle is descrihed by tho •impln equation

T(V, U) - b(v) exp[-L( 0 A(v)] , (I)

wheru b and A are visibility-dependent variablesa the former is dimensionleon while A has the units of
an extinction coefficlont (kyv,-). L( 0) is the length of the sight path through the atmosphere an
seen in Fi.ure 6, and is given by the equation

1(U) * /j2 in 2O0+ r 2 + 2rR - R s!n0 , (2)

where i is recognized as the elevation angle %k, R is the radius of the Karth (6370 km), and r is the
thickness of the atmosphere (taken to be 100 km).

Table 3. Model atmosphere generated by LoIWrRAN 6 and used in this work.

Model Atmosphere Prosol(Extinrtion)

A 1962 Standard Rural

B 1962 Standard Maritimem

C Midlatitude Winter Rural

1) Midlatitude Winter Maritime

5. RESULTS

our observations are limited to the niqhts of 20, 21 an] 25 .January 1989. Attiempta to collimate
the 18 in. telescope in otder to afford daytima viewing have been unsuccessful, and so all measurements
will be restricted until after twiliqht. Weather conditions at our observation sight at 1.26 km altitude
wore for the most part favorable.
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Our analysis of the Vandenberg data will be confined to relative wasurements of stellar intensities
as a function of elevation wm]la. This will eliminate any err involvd in the calibration of our in-
strment. error inherent to the OD-11 data or in the calculatios of total integrated photon fluals might
be avoided by comparing the signal from a single star at various elevation angles. However, since a time
lapse of one to two hours is needed in order for a star to rise or s*t an appreiable distance, this
ffathod assuies that the atmosphre is rewinLng fairly constant over this tins piriod. Th•is effectively
r~suoys study of short term variations in the armoiphre. As will be afn in the arro" analysis setion,
measurements taken at higher elevation angles tend to be mors reliable in that there is consistently a
smaller spread in the data in these cases. Whenever pousible, we will work with data taken at elevation

angles of at least 600. Unless otherwise stated, Model A (Table 3) will be used for all calculations.

Three basic calculations will be made:

1) Determination of average meteorological range values for the nights of observation,
2) Detekination of short-term (one to two hours) variations in the ataospbere,
3) Wtuomination of long-term (over several days) variations.

an the nights of 21 and 25 January, everal stars were observed in the early evening sky and again
about one hour later after they had risen at least 100 in elevation angle.

Table 4. Photometric measurements of sums of analogue digital units (ADU) for the night of 25 January

1989 (normalized to 1 me exposure time).

Local Time Star Elevation Angle Ava. suin of ArIl

0250 i tUMa 570 2293 t 15%

Arcturus 470 502 t 20%

0420 i1 UMa 710 2666 ± 18%

Aruturus 650 580 ± 18%

If we first assume that the atmosphere atop Santa Ynez puak iii slowl varyinq, we may compare therelative apparent intensity of a single star, TIUMa, when it is at %,-P and again when it has

risen to 710 (see Table 4). The ratio of the apparent intensities I of Arcturus when at these two positions
is clftlated 'frm our data to be

1( l ' 71o) T(710 )
. 1.163 ± 31% (3)

I(61 - 570) T(57°)

Equation (3) shows that the ratio of the appsr3nt intensities (or, equivalently, photon fluxes)
for one star at two different elevation angles is equal to the ratio of the transmittances at these
two angles for smcot choice of atmospheric model. Using the ttansmittanco curves in Fiqure 5 puts the
meteorological range for 25 January at about 30-50 km. Using Table 4 and porforming the same calculation
with the data for Arcturus over the same time period, we get

T(6,50)
. 1.14 t 29% (4)

T(470)

This ratio allows an exceptionally high value of visibility (v > 100 km) to be within the limits of
error, which seem. unlikely by all the other data available. This may be due to a value for the apparent
intensity of krcturus which is inconsistent with the other values measured at 0420 hrs. If this valuo
is eliminated, the ratio in Equation (4) becomes 1.30 1 20%, which yields v -30 km, which falls into
line with the n UMa data.

Table 5. Photometric |easuresnts of Sam of analogue digital units (ADU) for the night of 21 January

1989 (normalized to 1 me exposure time).

fcal Time Star Llevation Angls a of ADU

1745 Capella 500 1925 ± 5%

C Of 280 2307 ± 14%

1900 Capella 640 2027 ± 10%

C Ori 380 3793 t 11%



Table 5 lists similar data for the night of 21 JaruA&y 19B9. Generally, it is seen that the data for
the stars CAella and C Ori have & imallet spx.tA in thm measured apparmnt intensities. Analysis is the
Sas foe the 25 January datA. TIe ratiL, of the intensities of Cagtella after it hab risen 140 is

T(640 )
, 1.05 1 131 (5)

T(500 )

Using the transmittance curves in Figure 5, this places a lower limit of tie meteorological range at
v - 25 kin. The C Ori data over the some time period yields

T( 380)
K 1.65 ± 18% (6)

T(280)

which again pushes our value of v closer to 30 km.

Variations in the atmosphere over this 75 minute period on 21 January may be examined by
calculating independent values of v at 1745 hrs and at 1900 hrs;

T( (%l Capella) 1Cap C Or(

T( %1; C ori) I C ori tan

where I is again the measured apparent intensity of the star and 0 is the absolute photon flux takon from
Table 2. For Elhe 1900 hrs data, we got

T(640 )
- 1.84 ±t16% (8)

T(380 )

This now places an upper limit on v for 21 January at 35 km. A similar calculation for the early evuninq
data (1745 hre) yields v 4 20 km. Because the abcolute stellar photon flux for Arcturus varies very
rapidly with wavelength in the rw4ion 3000-3/00 A, inconsistent results are obtained when Equation 7
is applied to the data in Table 4. Much of the other data for 25 January involves large orror in the
values of I due to observation at small elevation angler,.

Values of extinction from ground measurements at Site M in Table I indicate that the niqhts of 20
and 25 January should be noticeably clearer than 21 January, but the results are just not conclusive.
Calculations for 20 January again indicate v - 20-30 km. However, further indikhations of long-term vari-
ations can most easily be investigated by seeing how the apparent intensity of ai single star at the saai.
elevatioin angle varies from night to night. Polaris traces out a counter-clockwiso path in the sky at an
elevation angle equal to the northern latitudu of one's observation point (34.5CN for Santa Ynez Mountain)
with 4%, - 10. Measurements of the apparent intensity of Polaris for the three niqhtns Wont equal
within experimental error. Similarly, due to large error in sow instances, it was not possible to
Ixsitively confirm short-term variations in the data. There is some indication that the weather was
improving during the course of the night on 21 January and similarly deturioratinq on 25 January, hut
again nothing definite may be concluded at this time.

Table 6 shows the magnitude of error involved if a visibility of 50 km is mistakenly calculated to ho
25 km. As was noted earlier, the situation guts progressivoly more serious with sight paths appro•chinq
the level of the horizon.

Table 6. Error in transmittance value as a function of elevation angle betwnen 25 km and 50 km
swteorolgical range (Model A).

Elevation angle T(v - 25 kin) T(v - 50 lus) % Error

150 0.030 0.043 43.3

300 0.134 0.163 21.6

600 0.284 0.31.7 11.6

900 0.330 0.362 9.7

6. roMR PALYSIS

As has been noted, the apparent intensity of a star is seen to fluctuate, or "twinkle" over very
short time scales. ThIis efect increases at the lower elevation angles as is seen in the data of 25 January
in Table 7. The ob&4rved intensity of q 01A at an elevation angle of 710 was seen to vaýg by about 11%
over a 24 secxcn period. DV contrast, the apparent intensity of the low-lying Vega ( i18 ) was
seen to vary by up to 74% over a 36 second period. This was expected since at the lower elevation angle of
80, the path of observation corresponds to a coluon through the atmosphere which is five times longer
than for c&-710. This increases the probability that liqht winds mag sweep aerosols into and out of
Sthe lin-of-osght. )Oorrespondinqly, the error in the sirius ( %i-19 ) data lies between thesi] two
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angula extr'ses. in lookin for a further exlanation for the a In th meaura.-ntso turbulence
effects may amo be a consideration, but their contribution is not sasy to waasure. our position on top of

a• m~min where winds are a large factor in atmospheric O itii tends to week the role which turbulenceeffects may play. Also, th fact that we an not "lorked" onto a star during these sersreintsn, but •mut

instead depend upon our telesope operator to mmualy hold the image for us ut be taken into considera-tion. The resulting fluctuations fro this moveasiit in the image in the telescope may well be larger th~an
comqpeting effects.

Table 7. Fluctuations in AMX measurements over time for 25 January 1989.

Star( _.L) Total sum of ADU
74%

Vega (80) 1527 ± 47%

Sirius (1 90) 2846 ± 34%

T) UMa (710) 1493 ± 11%

Calculational error is small compared to these very short term effects. The data of OAO-I1 has been
seen to be accurate for X > 2500A and has been used in the calibration of the long successful Inter-
national Ultraviolet Explorer (IUE) Project for this wavelength ranqe4 . whenever possible, our measurements
were made using stars that exhibit photon flux curves that are flat with respect to wavelenqth as shown
in Figure 4. A maximum error of about 4.5% is present in our integrated values of photon flux (Table 2)
since an average value of transmittance over the 3000-3700 A band has been used. This error can be reduced
by performing those calculations using th(2 fornula

k:otal(
1 3000-3700 A) - s\ M Tfilt(X) T ats( • (7)

where OK. "/ X , TEAjt is the filter transmission as (iven in Figure 3, Ta~m is the wavelenqth-dependent
transmittance of the atmosphere, and A ,may co respond to the rsmolution of eIther the OAO-lI data (20 4
or of LOWTRAN (20cr 1-I).

The reading error in Ql is about ±3% which corresponds in Fiqure 5 to a maximum error in trans-
mittance of t2% (for 300 < %, < 750, smaller outside of this range). This error can be reduced,
and has been in san cases presented here, by using a carruter code that employs a rotation of reference
frames to convert the right ascension (RA) and declination (r*WC) of any star into its apparent position
in the sky. Table 8 shows the position of Capella (RAr5.22 hrm, DFCs45.95o)5 as a function of hime
for the night of 21 January at Santa Ynov, Mountain (34.50 N lt).

Finally, calculating relative transmittances using EKuation (1) to fit the curves of Fiqure 5
introduces about 2% error in the value of T. Therefore, taking all present error into account, we find
that for look angles greater than 600, our values for transmittance should he accurate to within 15% at
any time, agreeing with the entries in Table 6.

Table 8. Poeition in sky of Capella for the night of 21 January (34.50 N. latitude)

Time (hrs) Azimuthal Position Elevation Anglo

1600 37.110 N of N' 31.20(

170C. 33.860 N of H 41.280

1800 32.470 N of NH 51.65a

1900 34.410 N of E 62.010

2000 44.370 N of P, 71.700

2100 76.870 N of E 78.190

2200 33.170 W of N 75.750

2300 52.080 W of N 67.130

7. CONCWSIONS

•hanever feasible, we see that measurements of meteorological range are most accurate for 0 > 600.
However, if measurements must be made at lower angles, the above-described method of stellar observation
provides the advantage of allowing the observer sans idea of the error involved in his measurements
for any spatial point. This is illustrated by the values in Table 7. Using ground measurements of
extinction, it was seen that the visibility on 20 January wee about four times greater than that of the
following night. In fact, the relatively high value of k - 0.73 km-I1 which was measured on 21 January
was due to a diffuse fog lying just around the top of the mountain. Howewr, by the time stellar ,eauure-
mantis were made one hour later, this mist had dissipated, leavino a fairly clear sky. Conversely, although
ground visibility was good at Site M on 20 January ýk - 0.32 lsi), high cirrus clouds made stellar
observation imqoaible.
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The relative results presented hare give scme insight into what probleu may be expected in our
measuremwnts of LV radition through the atacephere. Ideally, oae would like to be able to observe a
single star at saum point in the sky and be able to calculate a value for T at any other spatial location.
ikxovor, since terrain plays an important part in these calculations, trying to relate the value of T at
two widely separted points in this way may lead to inconsistent results.

The results presented here represent only a small part of the data analysis, Further study of the
error due to short term variations in the atmosphere as shown in Table 7 is needed. We have yet to
reduce this data.

The period of 18-25 January was one of relatively clear weather and high visibility. These conditions
were needed for the initial set of calculations. As our methods improve, we plan to repeat these experi-
ments at different altitudes and during different seasons. This will allow us to perform measurements
under a wide range of conditions. Stellar measurements wore made under less favorable conditions during
a two-week period in September 1988 at Tranquillion Peak, California (0.75 km above sea level). %b were
able to determine that the average meteorological range for this location and time frame was on the
order of 10 kin. In addition, weather conditions tended to be quite volatile, changing from clear sky
to total cloud cover and rain wlthin an hour in some cases.

Our detection system, while being adequate for the purposes described above, becomes very important
when the observation of very distant sources becomes necessary. Thu spatial resolution of a single pixel
is 10 cad which is equivalent to five meter resolution at 500 Ian distance. This ability coupled to
our method of stellar transmission measuroeents makes the system a powerful tool in the quantitative
study of remote sources of UV radiation.

As a final note, it should be emphasized that these measurements are only the first iteration and
that absolute photometric measurements will bring an improvement in our methods at long as the choice
of atmospheric model is appropriate. Relative reasureents, while useful in relaxing the model-dependence
of the calculations, can hide inconsistencies in the data that will be exposed by absolute renults.
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absorption in the Earth's atmosphere. A 19Fi2 Standard Atmosphere with rural extinction is
used. meteorological range is 23 los, elevation angle is 450 and X -3000-4000 A.
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use atmospheric model A with hl - 1.26 km, X -3000-3700 A.
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DZSCUB8ZON

R. DZIWCNBRL
Have you looked at atmospheric transmission in the "solar-blind" wavelength region with
your instrumentation?

AUUORI8 RIPLY
The ozone absorption in the atmosphere cuts off all transmission of radiation from
space for wavelengths shorter than 0.3 microns. We have not looked foL transmission
below this cut-off.
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SCINTILLATION OF MILLIMETER-WAVE
INTENSITY AND PHASE CAUSED BY TURBULENCE

AND PRECIPITATION
by

RJ. Hill, S.F. Clifford, RJ. Lataitis, and A.D, Surma
Wave Propagation Laboratory

Environmental R{esearch Laboratories
National Oceanic and Atmospheric Administration

325 Broadway, Boulder, CO 80303
U.S.A.

SUMMARY

A propagation experiment over exceptionally flat farm land was perfonned near Flatville, Illinois [I]
and (2]. Extensive micrometecrological (hereafter abbreviated as micromet) measurements were made
simultaneously. because of the excellent horizontal homogeneity of the site, these micromet data determine
the turbulence statistics along the entire propagation path. Instrumentation for measurements of rain as well
as fog and snow were deployed [2], There were five experiment sessions, each about a month long. Several
millimeter-wave frequencies between 116 and 230 GHz were used. Results for data during inclement
weather were reported In [2).

Below we review some results of these studies and present new results for temporal spectra of

intensity and phase difference obtained during precipitation.

THE EXPERIMENT

Figure 1 shows the experiment layout. The millimeter-wave beam propagated a distance of 1374 m
at a uniform height of 3.68 m ± 0.1 m from the transmitter van to the receiver antennas. There were four
receiving antennas, hence six antenna pairs. The separations of the receiving antennas ranged from 1.4 to 10
m. The millimettr-wave intensity was measured at each of the four antennas, and the phase difference
between antennas was obtained for each antenna pair. The two overlapping optical propagation paths In Fig,
I were 670 m each at a height of 3.78 in. These gave the path-averaged optical refrative-index structure
parameter (C2.) as well as the cross-path component of the wind.

Locations of instrumented towers denoted as meteorological stations (met, sta.) I and 2 are shown in
Fig. 1. At these stations the mean temperture and humidity were recorded from psychrometers, a propeller-
vane anemometer gave wind speed and direction, a three-axis sonic anemometer gave the fluctuating
components of the wind vector, platinum resistance-wire thermometers gave the fluctuating temperature, and
Lyman-ct hygrometers recorded the humidity fluctuations. During precipitation only the data from the
psychrometers and propeller-vane anemometers are reliable.

Weighing-bucket rain gauges and optical rain gauges were deployed as shown in Fig, 1. Several rain

rate and particle-sizing instruments were deployed near the millimeter-wave receiver as described in [2].

RESULTS

In [1] we presented data for the effects of clear-air turbulence when refraction fluctuations dominated
the propagation statistics. The intensity variances and pha.e difference variances were shown to be in
agreement with scattering theory. The probability density functions (PDFs) of intensity was closely
lognormal, and die PDF of phase difference was normal, However, the intensity variances are not
adequately described by current theory when absorption fluctuations have a significant effect on intensity
fluctuations; the Intensity PDFs are no longer lognormal, but are peculiar to the data run,

Effects of absorption fluctuations are evident in temporal fquency spectra. Figure 2 shows a
measured intensity spectnun as a function• of temporal frequency in he"tz The high-frequency part of the
specthum is the solid curve in Fig. 2; it is caused by clear-air refraction fluctuations. It is accurately
"described by the spherical-wave theory developed in Refs. 13] and [6]; this theory, including the eff"ict of
aperture averaging [3], gives the dashed curve in Fig. 2. If apertuie averaging is neglected, then thc
theoretical curve would lie on top of the f"' asymptote, shown as the :;olld line in Fig. 2, thereby predicting
"too great spectral valves at the highest frequencies, The theoretical curve is positioned horizontally as
required by the vale of the cross-path wind component. During the data run giving Fig. 2, there was a
sudden increase in the humidity along the entire propagation path. The high-frequency measured spectwm in
fig. 2 was obtained from the firt half of the time series prior to the increase in humidity. The spec~uum
over the whole time series gives t[le dashed curve mad continues to higher frequencies in a manner nearly
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] identical to the high-firequency solid uvim. The dashed, low-finquency part of the spectrum arises horn die

sudden incarease In humidity, and accounts for nearly all the Intensity variance over die whole time series,
The effect of absorption fluctuations is typically described by theory dimt is applicable to absorption
fluctuations of size much smaller than the propagation path; therefore, the event which produced Fig. 2 is not
descibed by existing theory. Such an event produces an intensity PDF that is not lognormal.

FRigre 3 shows three simultaneously masured phase-dIfference temporal spectra. These spectra are
obtained firom the samne data run that gave Fig. 2, The phase differences in Fig. 3 were obtained from
inennas separated horizontally by 1.4, 4.3, and 10.0 in. These spectra correspond to clear-air turbulence
conditions in the absence of precipitation. It is seen that the low-frequency content of the spectra grows as
the amenna separation increases; the phase-diffemence variance inaceases correspomdingly. This is, of course,
because the difference between spaced antennas gives a high-pass spatial filter which, according to the frozen-
flow hypothesis, is equivalent to a high-pass temporal filter. The corresponding theoretical spectra [3] ire
over-plotted ip Fig. 3; their horizontal position is as required by the measured rean cross-path wind
comnponent and the frozen-flow hypothesis. The set of three theoretical spectra is shifted vertically to match
the data; the positions of these three spectra relative to each other are fixed as required by theory. A Von
Karman refractive-index spectrum with a 2.8-rn outer scale is used 10r the theoretical calculation; a larger
outer scale would produce greater values at low frequencies in the theoretical phase-difference spectra of Fig.
3. Absorption fluctuations have negligible effect on phase-difference spectra (3].

Figure 4 shows a temporal spectrum of intensity Illustrating three effects. At the highest frequencies
an enhancement caused by scattering by raindrops is evident. Thi was first Identified in these data by A.D.
Sauna [4]. The a'.erage rain rate was about 5 mm h". A theory for the temporal spectrum caused by rain
scattering is given in [5]; however, the theory [51 applies for drops that are much larger than the wavelength,
which is not our case. This theory predicts that W#(t) is independent of f at low temporal frequencies; this is
represented by the V asymptote in Fig. 4. The theory [51 predicts a rapid decrease of Wa(f) for f '_ I kHz;
the rapid decrease in Fig. 4 at much lower temporal frequencies than I kfHz is probably the effect of aperture
averaging.

The second effect evident in Fig. 4 is in the frequency range from about 5 x 10" Hz to 2 Hz; this
effect is caused by turbulent fluctuations In the real part of the refractive index of the air; it would exist even
in the absence of rain, This effect is described in numerous experimental and theoretical papers [3]. Our
wave is diverged so the spherical-wave spectrum (6] is a good approximation; this is shown in Fig. 4. The
failure of this theory to match the data is caused by the parallel alignment of the wind to the propagation
path; the average cross-path wind component was 0.4 m s' but the mean wind speed was 5 m s'. The
fluctuations of the cross-path wind component were computable with Its mean value of 0.4 m s'; also,
instances occurred when the local wind blew across path in the opposite direction from the average direction.
On the other hand, theories such as those in (61 and [31 require steady cross-path wind, although It may have
a different value at different positions along the path, because such theories obtain the temporal spectrum
from a translation of the spatial spectrum. Tatarskii [7] gave a partial theory for the case of fluctuating
cros-path wind and plane wave propagation. Figure 2 shows that the theory in [6] is an excellent
approximation for the high-frequency refraction-fluctuation-induced spectrum in the case of steady cross-path
wind. Clearly, Fig. 4 shows that the effect of cross-path wind fluctuations causes a spreading of the clear-air.
turbulence-induced spectnrn. It is fortunate that the wind was nearly parallel io the propagation path; if the 5
nm A" wind had been perpendicular to the path, then the ;mbulence-induced portion of tho temporal spectrum
would be displaced toward higher frequencies in Fig. 4 by more than a factor of 10, thereby obscuring the
raindrop scattering effects.

The third effect shown in Fig. 4 occurs at temporal frequencies legs than about 5 x 101 Hz.
Temporal variations in rain rate cause variations of path-integrated absorption, which in turn cause this low-
frequency enhancement of the spectrum in Fig. 4. Variation of clear-air absorption (say by water vapor) is a
well-known cause of similar low-frequency enhancements of intensity temporal spectra for millimeter waves
(as in Fig. 2); receiver drift is another possible cause. For the data in Fig. 4, we know that variation of rain
rate is the cause rather than clear-air absorption because measured rain rate and millimeter-wave intensity
follow each other In a negatively correlated manner. In fact, oscillations in rain rate were observed [(8 that
can account for the spectral peak near 101 Hz in Fig. 4.

Figure 5 shows a phase-difference temporal spectrum corresponding to the data shown In Fig. 4. The
phase difference was obtained from antennas spaced 1.4-m apart, horizontally. A theoretical phase.,difference
spectrum calculated using a 2.8-m outer scale is also shown in Fig, 5. The phase-difference spectrum induced
by ficuatlions in the real paut of the refractive index is wider than the corresponding intensity spectrum. The
effects of cros-path wind variability are therefcae much less evident in the phase-difference spectrum of Fig.
5 than in the intensity spectrum of Fig, 4. A high-frequency enhancement caused by raindrop scattering is
also seen in Fig, 5. Ths enhancement has a ragged appearance because of spectral spikes caused by

.i4.
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medhanical vibrations of the steel beam on which the antennas were mvmted. If phase is measured with a
single antenna, variation of path-Integrnted refraction can produce low-frequency enhancement in single-
antenna phase temporal spectra analogous to that caused in intensity spectra by variation of path-integrated
absorption. Taking the difference of phases between spaced antennas eliminates this low-frequency
encr maent; none Is Ween in Fig. 5.

Figure 4 shows that all three effects give appreciable contributions to the intensity variance. On the
other hand, Fig. 5 shows that the phase-difference variance is dominated by the ah-turbulence effect and that
rain scattering has a negligible effect. For greater separations of antennas the contribution of turbulence to
the phase-difference variance is observed to intrease, but the contribution by raindrop scattering is observed to
denesse.

Pigure 6 shows a measured temporal spectrum of intensity obtained during a nixture of drizzle, wet
mow, and patchy fog. The average precipitation rate is about 1 mm h". The dear-air turbulence-induced
theoretical pectrum is given by the dashed curve; as in Figs. 2 and 4, this curve is positioned on the
horizontal axis as requited by the cros-path wind speed and moved vertically to match the measured
spectrum. The wind was steady in direction and nearly straight fron the east (and thus perpendicular to the
propagation path). The speed from the propeller-vane anemometers varied from 0.7 to 1.5 m el for the data
in Fig. 6. Perhaps part of the measured spectrum in this figure can be attributed to dear-air turbulence;
however, clear-air refraction fluctuations might contribute much lea than Is indicated by the dWsed curve.
There is an enhancement of the spectrum at frequencies greater than 3 Hz which could be attributed to
scattering by rain drops; a line corresponding to an f' asymptote is given for comparIson in Fig. 6. This
interpretation is the same as for Fig. 4. However, the data in Fig, 6 contain so much noise that the spectrum
may be entirely noise at frequencies exceeding 3 Hz. The spectrum Is not plotted In Fig. 6 for frequencies
from 20 to 50 Hz because of large noise spikes [2). The features of the millimeter-wave intensity time series
over the data un are very simar to the inverted time series from the two optical rain gauges. This suggests
that the large low-frequency bump in Fig. 6 is due to path-integrated rain-induced attenuation [2]. The
intensity variance is obviously dominated by this low-firequency effect. The psychrometers showed very little
variation of humidity and temperature during the run, so we conclude that the low-hequency effect is not due
to dear-ak absorption fluctuations.

One phase-difference temporal spectrum from data obtained simultaneously with that producing the
intensity spectrum in Fig. 6 in presented In [2]; reference [2] suggests that the phase-difference spectrum was
caused by clear-air turbulence (excluding raindrop scattering). However, when the phase-difference data are
considered as in Fig. 3, the measured spectra do not compare with each other in 2 manner consistent with
clear-air turbulenct, nor do they comnpan' reasonably with the theoretical spectra. Moreover, the phase-
difference time series were peculiar, suggesting instrumental difficulties. Also, these spectra have
extraordinarily large noin spikes due to mechanical, vibrations at 3-50 Hz (Nyquist); the antlallasing filtering
was, by error, inadequate to prevent alsing of any such vibration noise (or other noise sources) that might
have existed from 30 to 100 H-. Thus we conclude that the phase difference spectra were contaminated by
noise, possibly from several noise sources. This deduction, as well as the discussion of Fig. 6, is a
reinterpretation of the data presented in E2],

Figure 7 shows the intensity tempond c"tam obtained from conditions of blowing snow. The
corresponding clear-air turbulence theoretical spectnun is plotted as the dashed curve; this curve is aligned
horizontally as required by the mean value of the crospath wind component, and it is displaced vertically to
match the data. The mean wind was blowing from 24" west of north at a speed of 14.4 mB s"; its mean
cross-path component was therefore about 6 m a". Because of the small mean angle of 24* between the
propagation path and the mean wind direction, the crass.path component varied during the run. Thus we
expect some spreading of the part of the measured tenporal spectrum which is caused by clear-air refraction
fluctuations (the in excluding the snow), However, this variability of wind and the spreading effect ae much
less than Is ahown in Fig. 4.

In Fig, 7 there is an enhancement relative to the dashed theoretical curve at frequendes exceeding 10
HL. It Is likely that this enhanaemnnt is caused by scattering from snow particles, although there is some
noise at frequencies greater than 20 HI. Figure 7 shows that most of the intensity variance derives from the
large feature at frequencies lns than 0.5 Hz. There am four likely reasons for this feature. Fist, receiver or
transmitter drift may cause it. The intensities measured fronm separate antennas have very similar long-tern
behavior for this data run, so receiver drift seems unlikely; Uazsmilter drift cannot be assessed. Second, this
featme couki be due to absorption fluctuations caused by temperature and humidity fluctuations in the air
(excluding mow particles). However, the paycdroeta measured exceptionally stable values of temperature
and humidity so this is not a likely cause (barring malfunctions of the paychuometer, such as dry bulbs
collecting ice deposits or iced bulbs becoming ice free). Third, wet snow had fallen earlier in the day when
the temperature was -33C; the conditions during the data run corresponding to Fig. 7 were blowing and
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drifting snow and an air temperature of -4.C; it may be that an underlying icy surface had formed that was
sufficient to cause reflections of the millimeter-wave beam. Interference between direct and reflected beams
can produce intensity fluctuations; such fluctuations might be enhanced by duifting snow alternately covering
and exposing patches of the icy surface. Fourth, this feature in Fig. 7 may be due to path-averaged
attenuation fluctuations caused by the snow particles. It is probable that either multipath interference or
snow-induced attenuation caused this low-frequency behavior.

Three phase-difference temporal spectra are shown In Fig, 8 for horizontal antenna separations of 1.4,
4.3, and 10.0 m. These spectra are from data obtained simultaneously with the intensity data that yielded Fig.
7. The corresponding theoretical spectra arising from fluctuations in the real part of the refractive index of
air (excluding snow particles) are shown as dashed curves. As in Fig. 3, the theoretical curves are aligned
horizontally as required by the mean value of the cross-path wind component, and are displaced vertically to
match the data; however, the three theoretical curves are fixed In position relative to each other as required
by the theory, The outer scale was assumed to be 2.8 m for the theoretical curves. When measured clear-air
turbulence spectra caused by refraction fluctuations are graphed as In Figs. 2 and 3, the ratio of the maximum
of the phase-difference spectrum for the 1.4-m antenna separation to the maximum of the intensity spectrum
is about 2.4; this value depends weakly on the outer scale, but not on the refractive-lndex structure parameter,
The ratio of corresponding maxima in Figs. 7 and 8 is in good agreement with this value of 2,4. This
supports the hypothesis that the high-frequency bump in the intensity spectrum of Fig. 7 and at least 'part of
the phase-difference spectra in Fig. 8 are due to fluctuations in the real part of the refractive index of the air
(excluding snow particles). However, the phase difference spectra in Fig. 8 have far more low-frequency
content than predicted by clear-air turbulence theory, This might be due to receiver drift (independent of
whether the intensity temporal spectrum suffers from sudc drift) or it could be due to multipath interference
(which can support the idea that the intensity spectrum is affected by multipath interference).

At frequencies exceeding 5 Hz the spikes caused by mechanical vibrations ame evident in Fig. 8.
(These have been described in connection with Fig. 5.) Perhaps the spectral level in the gaps between the
spikes in Fig, 8 is caused by scattering by snow particles, particularly because this spectral level is greater for
the two smaller antenma separations than for dte 10,0 in separation. However, this is very speculative because
of the strong noise spikes, The discussion of Figs. 7 and 8 is a reinterpretation of the data presented in [2].
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MILLIMETRIC, INFRARED AND OPTICAL PROPAGATION STUDIES
OVER A 500 m PATH!

C J Gibbine
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ChiltonDidcot
Oxfordshire, OX11 OQX

UK

SUMMARY

A 500 m propagation range has been developed with transmission links operating at
frequencies of 37, 57, 97, 137 and 210 GHz and at wavelengths of 10.6 and 0.63 Am. A
comprehensive set of meteorological observations includes rainfall and snowfall rates,
raindrop size distributions, temparature and humidity, microwave refractive index,
surface pressure and wind velocity. Measurements from the range are being used to
compile an extensive propagation and meteorological database with which a variety of
studies are being carried outi theme include detailed investigations into individual
events, aimed towards obtaining a deeper understanding of the interaction between
electromagnetic radiation and the prevailing meteorological phenomena such as rain,
snow, fog and atmospheric turbulence. Statistical analysis of the database, on the
other hand, is directed towards obtaining information on the reliability of future
communications systems, so that average and extreme values of systems performance can
be assessed. Such studies facilitate the development of prediction procedures based on
existing meteorological data for future systems planning, and an assessment of the
relative merits of different wavebands, important to the increasing development and
deployment of multi-spectral sensors.

1. INTRODUCTION

The continuing and ever-increasing requirement for new communicationn systems,
with higher data-rates and thus wider bandwidths, imposes severe demands on the elec-
tromagnetic spectrum. Although a re-useable resource, the spectrum as at present
utilized is becoming over-populated and congested, leading to additional problems and
constraints such as interference between adjacent channel. and restricted bandwidths
(and thus channel capacity). In order to accommodate new systems development and an
expansion in communications channel capacities it becomes necessary to consider
exploitation and utilization of higher and higher frequencies, extending well into the
millimetre-wavelength regions of the electromagnetic spectrum. These regions are now
becoming more accessible for communications systemn through recent advances and
developments in component and systems technology, which is improving the availability
of cost-effective, reliable and compact hardware and thus creating new opportunities
and possibilities hitherto either not achievable or not practicable at lower
frequencies.

At the higher frequencies, however, a number of additional factors, not generally
considered at the longer wavelengths currently in commercial use, can impaut rather
dramatically on the capability and reliability of future communications systems, which
need to be included in the assessment and/or design of such systems. The most
important of these are the influences of atmospheric gases and the prevailing
meteorology. At frequencies above about 10 GHz, electromagnetic radiation begins to
interact with the neutral atmosphere (primarily in the troposphere) and with the
various meteorological phenomena, in particular hydrometeors in tfe form of
precipitation, giving rise to additional sources of signal attenuation which must be
considered in the design of high-frequency communications systems. Gaseous
attenuation, due to absorption by molecular oxygen and water vapour, is omnipresent and
slowly-varying, and can now be evaluated with a high degree of confidence using
well-understood models le.g. Liebe I). Signal attenuation by precipitation, however,
is highly variable, in both space and timel its evaluation and prediction is thus much
less certain. Since precipitation is a stochastic process, the resultant attenuation
is customarily determined or assessed statistically, generally in the form of levels of
attenuation (fade margins) which may be exceeded for. specified percentages of time
determined by the level of reliability required for a particular communications system
or service, under the range of meteorological conditions appropriate to thu location
for which the service is planned. Such averages of systems performance are further
supplemented by an assessment of extremes.

In general, two separate and distinct methods to assess fade margins may be
available to systems designers - direct measurements of propagation conditions over
extended periods of time in the appropriate climatological region or a prediction fror.
a knowledge of the prevailing matnorology. Xmplicit in the latter is a detailed
understanding of the physical mechanisms of the various atmospheric and meteorological
phenomena and their interactions with incident electromagnetic radiation over a wide
range of wavelengths. For frequencies up to about 30 GHz (i.e. up to and including the
microwave region of the electromagnetic spectrum), extensive databanks exist of direct
long-term measurements of propagation under different climatological conditions, while
prediction provedurer developed from such data are found generally to provide accep-
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table estimates of, for example, fade margins, for use in link budgets (CCIR 2). At
frequencies above 30 GHz (i.e. the millimetric spectrum), however, the reliability of
the various prediction procedures becomes less certain, since there are as yet
insufficient propagation data available either for direct application or for the
development of new, or improvement and testing of existing, prediction techniques.

In order to contribute to the availability of propagation data at frequencies
above 30 Guz, the Rutherford Appleton Laboratory has designed and operated the 500 m
Millimetre-Wave Experimental Range at Chilbolton (MWERAC) in Hampshire, UK (latitude
510 8'N, longitude 10261W, elevation 84 m). The range is a well-instrumented open-oir
laboratory in which simultaneous transmissions are monitored continuously over a path
for which atmospheric conditions are essentially constant, in the millimetric, infrared
and optical wavebands, in conjunction with a comprehensive set of meteorological
observations. The data obtained are used for a variety of studies into the influence
of precipitati-n, including rain, snow and hail, the effects of other hydrometeors such
as fog and of atmospheric turbulence, which causes scintillations in received signal
amplitudes, and the variability of atmospheric attenuation due to changes in humidity,
temperature and pressure. From such studies will emerge a more detailed knowledge of
the interaction between electromagnetic radiation and the various meteorological
phenomena which prevail, in particular the ranges and magnitudes of those meteoro-
logical parameters which become of significant importance at millimetric wavelengths,
in order to facilitate the development of improved propagation models to describe
adequately the above-noted effects. Furthermore, statistical analysis of the data is
yielding valuable information both for direct application to the design and planning of
future communications systems and the development and testing of prediction models, to
estimate attenuation from, for example, basic meteorological data of the type routinely
collected by weather bureaux throughout the world. Such statistical analyses are also
of importance to an assessment of the relative merits of different wavebands, i.e.
millimetric, infrared or optical, relevant to the increasing consideration and deploy-
ment of multi-spectral sensors and systems.

The present paper describes briefly the 500 m range and its facilities, and gives
some examples of detailed analyses of rainfall attenuation which are currently being
carried out, together with examples of the effects of other hydrometeoro such as snow
and fog, and of propagation through turbulence. Some preliminary results are also
included on the statistics of propagation conditions.

2. THE 500 m PROPAGATION RANGE

The 50C m range comprises a set of single-pass, continuous-wave (CW) transmission
links, situated 4 m above flat grassland, operating at frequencies of 37, 57, 97, 137
and 210 GHz, all with vertical polarization, and at wavelengths of 10.6 JIm in the
infrared and 0.63 4m In the optical wavebands, with random polarization. An extensive
met of meteorological instruments complements the propagation measurements, and include
rapid-response (10 second) rain gauges at three locations along the range, a rapid-
response snow/hail gauge, measurements of temperature and humidity at a variety of
locations and heights above the ground, a distrometer for measuring the distribution of
raindrop sizes, a microwave refractometer to determine variations in atmospheric
refractive index, surface pressure and wind !peed and direction.

A block diagram of the range, which has been described in detail elsewhere ', ii
shown in Figure 1. The transmitters and receivers, which are operated in olevated
temperature-controlled cabins, are supported independently from the qround, to isolate
the systems from any vibrations within the cabins. Thu signals ai,! transmitted and
received through windows fabricated from material selected to be trantiparent in the
particular w;avelength regions for each system, while the windows themselves are pro-
tected by hoods of sufficient size to prevent interaction with the beams and to
eliminate the deposition of raindrops, etc., on the windows.

All links, their systtnm monitors and meteorological sensors are connected to a
data-collection computer via a universal interface bus. In the normal continuous mode
of operation, the outputs from all channels (i.e. signal strengths, meteorological
instruments, system monitors, etc.) are recorded on magnetic tape every 10 seconds.
Additionally, when attenuation is detected on the range, for example by precipitation,
or when scintillation occurs, the 57, 97 and 137 GHz and 0.63 4m links (together with
the refractometer, when required) are recorded separately at a higher data-rate of 100
samples per second. Analogue chart recorders are used to provide a continuous monitor
of all links and meteorological instruments, as a quick-look facility, as a diagnostic
tool, when necessary, and to determine the occurrence, identification and classifica-
tion of events. The links are calibrated automatically at ( hourly intervals (except
when an event is in progress) by inserting known values of additional attenuation into
the transmitters.

The raw data are suhseqt,'ntly calibrated and validated to compile an extensive
data-base in the form of time aeries of calibrated attenuations and meteorological
parameters for the events, which irt then used for analytical and atatistical studies of
propagation and related meteorolo(ly. The analytical studies concentrate on inventiga-
tions into individual events according to their origin, i.e. into the attenuation* I caused by rain, snow and fog, and the effects of turbulence (i.e. scintillation)l
statistical studies are designed to yield probability distributions of attenuationti
(i.e. fading), of durations of fades, of specified depth and the return perinds betwoen
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such fades, together with related investigations of precipitation.

3. ATTENUATION BY RAIN

Rainfall attenuation depends primarily on the size, shape, orientation and complex
dielectric constant of raindrops and on the wavelength and polarization of the incident
electromagnetic radiation. The theoretical description of scattering and absorption by
rain was first developed by Mis 4 for spherical drops, while the extension to consider
non-spherical drops was carried out by Oguchi and Hosoya 5. The caldulation of rain-
fall attenuation, however, remains non-trivial, since rain is a highly amorphous
medium, with an intrinsic variability in composition, in spatial distribution and in
time. Of these, perhaps the least certain is the composition of rain, in particular
the distribution of the sizes of raindrops, which determines magnitude and wave-
length-dependence of the scattering of incident electromagnetic radiation, the dominant
source of rainfall attenuation. A number of empirical drop-size distributions have
been measured or proposed in the literature, for example by Laws and Parsons ,
Marshall and Palmer 7 and by Joss et al '. Of these, perhaps the most widely used is
that of Laws and Parsons.

The numerical evaluation of rainfall attenuation, even for idealized dropsize
distributions, involves lengthy and complex scattering calculations, and it has become
custnmary to abbreviate such calculations by means of a simple power law relationship j

Attenuation, Y - aRb, dB km"I (1)

where R is the rainfall rate in mm h" and the coefficients a and b depend on fre-
quency, the temperature of the rain and on the plane of polarization if non-spherical
drops are considered. Values for thiw coefficients have been tabulated for spherical
drops 1 and for non-spherical drops , for 1qe Lawn and Parsons drop-size distribu-
tion. However, there is increasing evidence that this distribution underestimates
the number of very small raindrops, and since rainfall attenuation at frequencies above
30 GHz depends increasingly on the smaller raindrops, the above tabulations may thus
underestimate the magnitude of rainfall attenuation at the shorter millimetric wave-
lengths. Hence, other drop-size distributions, in particular negative-exponential
distributions (of which the Marshall-Palmer distribution is an example), have been
considered more appropriate to the millimetric region 1. The propagation measurements
made through rain on the 500 m range have accordingly been used to investigate the
applicability of such distributions and their variants.

As an examplu, Figure 2 shows a time series of attenuations measured during rain
at 37, 57 and 97 GHz and at 10.6 pm in the infrared, together with the path-mean
rainfall rate, dutermined by averaging the threo raingauges located along the range.
As can he seen, the correlation between attenuation and rainfall rats is, in general,
very good, with the attenuation increasing, as expected, with frequency in the milli-
metre-wave part of the spectrumn furthermore, it is evident that such multifrequency
measurements contain much information on the composition of rain, which, since
conditions along the 500 m path are essentially constant (i.e. there is little or no
spatial variation), is determined principally by the distribution of raindrop sizes.

At frequencies above about 100 GHz, rainfall attenuation approaches the so-called
"optical limit" and the extinction coefficient is simply twice the geomjtrical cross-
section, i.e. hVD3, where D is the diameter of the (spherical) raindrops

The attenuation coefficient is given, in dB km"1, by

Y- 4.343 'I Qt(D, N(D) dD (2)

where 0 (D) is the scattering cross-section of a raindrop of diameter D, and N(D) is
the dros-hize distribution. As a generalization, it is convenient to consider a
gamma-distribution of raindrop sizes, thusi

N(D) - N0 Dn exp(-AD) (3)

where the special case of n - 0 represents the negative exponential distribution. In
this expression, both N0 and A are functions of rainfall rate. krm the case n - 0,
then, the attenuation in the optical limit can be written (in dB km as

Y 4.343 J T' No exp(-Ajli) ItD
0

(4)
S• NO

=4.343 N r(3 4.343 N

There is experimental evidence that attenuationv,,iA the infrared and opi teal
regions are adequately described by such an expression



8-4

NOW, the rainfall rate is given in terms of N and A an

R- T J u(D) N(D) D3 dD (5)

where U(D) is the terminal velocity of the rzindrops. Using the model for terminal
velocities developed by Atlas et al '• Equation (5) can be solved to yield the analy-
tical expression -

R [ c - - •- (6)
Gi + )

where c and d are numerical constants. Similar expressions can be developed for the
more complex distributions in which n 1 1 or 2, foi example.

Thus, given rainfall rate and the corresponding attenuation in the optical limit,
Equations (4) and (6) can be used to investigate details of the distribution of rain-
drop sizes. For example, the 10.6 Am attenuations and rainfall rates shown in Figure 2
have been used to derive values for N and A for a number of r-type distributions, with
n - 0, 1 and 2. Figure 3 shows the r2sultant values as a function of rainfall rate for
the case where n - 2. Two distinct regions can be observedl at low rainfall rates,
below about 7 mm h- , both N and A decrease rapidly with increasing rainfall rate,
while for higher rainfall rate, N0 and A become nearly independent of rainfall rate.

In order to evaluate the applicability of such F-distributions of raindrop sizes,
the attenuation at 37, 57 and 97 GHz have accordingly been calculated using Equation
(2), with the appropriate scattering cross-sections (for spherical drops) and the
values of Nn and A shown in Figure 3. These calculated values have then been compared
with the a perimental measurements shown in Figure 2. The comparison at 97 GHz,
between measured and thus-calculated attenuations, is shown in Figure 4, again for the
case where n - 2. The continuous line represents equal values of attenuation, i.e.
when the ratio of calculated to measured attenuations is unity. In general, good
agreement is found between measured millimetre-wavo attenuations and those calculated
from the drop-size distributions derived from rainfall rate and infrared attenuation,
for such F-type distributions.

Further investigations into such distributions, in particular including the case
of non-spherical raindrops, should provide more insight into those distributions of
raindrop sizes most appropriate to attenuation calculations at millimetric wavelengths,
which could then be employed to develop simple and reliable propagation models and
prediction procedures, for example of the type given by Equation (1).

As noted above, rainfall attenuation increases with increasing Irequency, up to
about 100 GHz, above which it becomes substantially independent of frequency as the
optical limit is approached. With the development of multi-spectral sensors, operating
simultaneously in different wavebands, it becomes important to provide confirmation of
this theoretical prediction for a wide range of meteorological conditions. Since rain
dominates the statistics of propagation 0, rainfall attenuation in the different
wavebands on the 500 m range have been compared over the period of one year. Au an
example, Figure 5 compares the maximum (peak) attenuation measured at 97 GHz during
each rain event over the period with the corresponding peak attenuation at 10.6 Lim.
The broken line indicates equal attenuations in each waveband, and the measuroments
scatter approximately equally either side. Rainfall attenuation may thus be considered
comparable in both the millimetric and infrared wavebands, while similar comparisons
between the infrared and optical wavebands have suggested that infrared attenuation in
rain is perhaps 10-20% greater than optical attenuation.

4. ATTENUATION BY SNOW

While there are rather few data available on propagation through rain at milli-
metric wavelengths, there is a iiirked paucity of information, both experimental and
theoretical, on attenuation by frozen precipitation. Bohlander at al 16 have reported
intense rapid fluctuations in signal levels at 116 GHz received through snow, but do
not comment on dttenuation.

Snow is generally more difficult to quantity than rain, since it is a very complex
form of precipitation, being a mixture of water, ice and air in varying proportions,
depending on the type of snow and the prbient temperature. Snow has a refractivu index
which is smaller than that for water , and might thus be expected to attenuate less
than rain with an equivalent liquid water content. However, the large size and non-
sphericity of snowflakes (esBcJ.ally in sleet) can produce greater attenuations than
spheres of comparable volume , especially in wet or molting onow.

The study of snow attenuation in further complicated by difficulties in doter-
mining effective and accurate snowfall rates, since entrainment of snowflakes by wind
can produce large horizontal components in the direction of snowfall (and even vertical
eddies in the vicinity of obstacles) which can significantly reduce deposit or capture
rates at or near snow gauges. It has beon found , however, that a significant
improvement in napture effiviency can be obtained by surrounding the snow gauge with a
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wind shield to reduce wind speed in the vicinity of the gauge. The wind shield uce! on
the 500 m range, for example, in the form of a half-open picket fence, 1 m high and 5 m
in diameter, was found to reduce wind speeds by up to 50% around and over the snow
gauge. The snow gauge itself iu based on the rapid-response rain gauge, with a larger
collecting funnel to increase sensitivity and with thermostatically-controlled heaters
to ensure rapid melting of the frozen precipitation.

An example of attenuations measured in snow is given in Figure 6, which shows a
time series of attenuation at 37, 57 and 97 GHz and at 0.63 Mm, together with the snow
(equivalent rain) rate. The correlation between attenuation and snow rate is, in
general, very good, especially when the attenuation is delayed slightly in time, to
allow for the time taken for the snow to melt and pass through the snow gauge. For the
event shown in Figure 6, a delay of 30 seconds yielded the highest degree of correla-
tion, while other snow events required delays of up to two minutes. The unheated
raingauges located along the range, however, indicated a peak snowfall rate some five
minutes after the main peak shown in Figure 6, and continued to register precipitation
for some 30 minutes after the snow event had ended, due to slow melting of snow which
had accumulated in the collecting funnel. The air temperature at the onset of this
snow event was about 30C, dropping to 0.5"C during the course of the event.

Since there is no general theoretical description of attenuation by snow at
millimetric wavelengths, it is of interest to try to establish empirical relationships,
for use in prediction procedures, and to compare such attenuations with those expected
for rainfall at the equivalent rain rates. Figure 7, for example, shows the attenua-
tions measured at 97 GHz as a function of snow rate. The continuous line is a least-
squares r~frexsion to a relation in the form of Equation (1), while the broken line is
the CCIR predicted rain attenuation (for vertical polarization). It can be observed
that, for the same amount of liquid water deposited on the ground, the attenuation
through snow is approximately twice that expected for rain, for the event sh.own in
Figure 6. For the other snow events which have been studied to date, which have
comprized mainly wet snow, it has also been found that, in general, snow attenuation is
great~er than rain attenuation, for the same equivalent rain rate. On the other hand,
dry snow, which tends to be less frequent even than wet snow in this region, is
expected to producl rather less attenuation than rain of the same equivalent liquid
water deposit rate

5. ATTENUATION 13Y FOG

In comparison with the hydrometeors discussed above, fog attenuation is
comparatively small at millimetric wavelengths, although it can, of course, be Revere
in the infrared and optical wavebands. Fog is composed of suspended droplets of water
which are rarely more than 0.1 mm in diameter and generally are very l•ach smallerr
bei-g comparable to infrared and optical wavelengths. In these spectral regions, then,
scattering, and hence attenuation, can be considerable. At millimetric wavolengths,
however, the Rayleigh approximation becomes valid and scattering losses are practically
negligible. The bulk of attenuation in fog is then caused mainly by absorption ane
depends thus on the density of water within the fog, the extent of the fog and its
index of refraction. Since the density of fog is generally small, little attenuation
is expected at millimetric wavelengths, especially in comparison with rainfall
attenuation.

As an example, and to confirm the arguments presented above, Figure 8 shows the
attenuations measured at 0.63 um and at 57 GHz as a function of the attenuation
measured simultaneously at 10.6 pm, during a typical fog event. Most fog events ore
found to attenuate tagre than the dynamic ranges of the optical and infrared links,
which are • 80 dB km and "1 35 dB km" , ¶espectively. At millimetric wavelengths,
however, attenuations rarely exceed 1 dB k" , as demonstrated at 57 GHz in Figure 8.

Figure 8 also shows that the ratio of attenuations at 0.63 gm and 10.6 4m changes
during the development Ind dispersal of the fog. The "hysteresis" has been observed in
a number of fog events and can be either clockwise or count,.rclackwise, as a function
of time. An explanation for this effect hav been sought in terms of changes in the
distribution of the sizes of suspended water droplets during the evolution of fogs.
When, for a given optical attenuation (or visibility), the infrared attenuation is
greater during the development of the fog than during its dispersal, the mean drop size
may perhaps have decreased, possibly through evaporation. On the other hand, in fogs
where the infrared attenuation is larger during dispersal than it was in the onsot of
the fog, at a given visibility, the mean drop size may have increased, perhaps by
accretion or change of air volume, by winds for example. With only two measurement
frequencies sensitive to drop size, however, it will not generally be possible to
derive any detailed information on drop-size distributions in fog, as has been done for
rainfall (see Manabe et al and Section 3). It is nevertheless clear that there are
some interesting phenomena occurring in fog events which warrant further investigation,
and the development of propagation models to describe fog will enable qualitative, and
even perhaps semi-quantitative, conclusions to be made on the evolution of fogs from
data such as that in Figure 9.

6. TURBULENT EFFECTS - SIGNAL SCINTILLATION

Rapid fluctuations in atmospheric refractive index, together with physical move-
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ments of inhomogeneous air, caused by the natural turbulence of the atmosphere, give
rise to scintillation of signals. The theory of propagation through a turbulent medium
was di- F'nped originally by Tatarski 20 for optical wavelengths and was later shown to
be val :. or the microwave regions of the electromagnetic spectrum 21 In this treat-
ment, &.inLillations due to small-scale irregularities in the spatial distributions of
temperature, humidity and pressure can be characterized in terms of the statistical
variance of the fluctuations in received signal power. For the case where the size of
such irregularities (scales) is greater than the diameter of the first Fresnel zone,
the variance in power level (i.e. in the logarithm of signal amplitude) is given by 20

a2 = 23.4 C2 { .2- }7 LI11/6 dB3  (7)

where C2 is the refractive index structure parameter, X is the signal wavelength in
metres Rnd L is the pathlength is metres. Conventionally, most studies of scintilla-
tion effects make use of this equation.

Now, as part of its programme of investigating a variety of propagatiQn phenomena,
the Rutherford Appleton Laboratory has studied the effects of flames on radiowave
transmissions 22. A flame, approximately 3 m wide, 3 m high and 0.5 m thick, was
generated with a bank of five high-velocity burners, fed with forced combustion air and
using gasoil as the fuel. The hydrocarbon flame was positioned in turn to fill com-
pletely the beams of the transmission links, approximately 50 m from the transmitters.
(The first Fresnel zones are typically 1-1.5 m in diameter at their maxima).

The flame produced little attenuation at millimetric wavelengths, less than 0.2
dB; at 10.6 4m about 3 dB attenuation occurred, increasing to 15-20 dB at 0.63 4m. The
dominant effect at millimetric wavelengths was scintillation, and the results have thus
been analyzed in terms Eq. (7).

Figure 9 shows the variance ua in signal power (dB) received through clear air
(before and after the flarde tests) and that received through the flame, as a function
of signal frequency, determined from the 10 s sampled data. The continuous lines are
best-fit curves with a u7 , dependence (vide Eq. (7)). The agreement with this
frequency dependence is, in general, very good in both the clear-air transmissions and
during transmissions through the flame, indicating that the turbid conditions within
the flame can be adequately described by the "Kolmogorov two-thirds law" which is the
basis of Eq. (7). The dominant effect of the presence of flame within the transmitted
beams is an increase in the level of scintillation, i.e. the variance in received
signal, by about one order of magnitude.

The data shown in Figure 9, together with Eq. (7), can be used to obtain values
for the refractive-index structure parjmetar C2. For the clear-air case, the results
yield a value of C- - 4.8 x/10-1 m-"', whicA' falls within the range to be expected

1, i.e. 10-1' to '0-X M-2 3. For the case of transmission through flame, if L is
equated with the thickness of the flame, a value of 1.8 x 10 - m 2/3 is obtainedc,
indicating the extremely high degree of turbidity within the flame.

Signal scintillations before, during and after the flame tests were also recorded
at the higher data-collection rate of 100 Rz. These data have used to examine che
spectrum of fluctuations, by Fourier transformation of the time-series of signal
levels. Figure 10 shows the resultant power spectral densities for both clear-air
transmission and for propagation through flame, observed at 57 Gllz. Since all the
oscillators in the system are free-running, the transmission links essentially provide
twc-dimensional measurements of scintillatio, for which Tatarski 20 showed that the
spectrum of fluctuations should decay by w- , where wi is the fluctuation frequency.
For clear-air transmission, this is indeed found to be the case, as shown in Figure 10.
However, the presence of flame ii the propagation path introduces a component in the
fluctuations which decays by w- 1 3, suggesting the existence of a third dimension in
the measurement. A possible explanation for this may be that the flame behaves as a
highly variable lens; since gasoil has a large refractive index (n • 1.45) it is not
unreasonable to assume that the burning vapour would have a refractivity greater than
the surrounding air. The flame may thus introduce a variable focusing and defocusing
effect, giving rise to a corresponding interference between direct and indirect rays
within the first Fresnel zone. Such a focussing effect nas been observed at optical
wavelengths 2%, together with the appearance of interference fringes at or near the
focal plane, while the degree of ray-bending required to produce destructive inter-
ference at the receiving 2antenna (- 9 minutes of arc) has also been observed in flame
at microwave frequencies

7. STATISTICAL STUDIES OF PROPAGATION

The event-based investigations considered above are primarily directed towards
obtaining a deeper insight into the mechanisms of interaction between electromagnetic
radiation and the various atmospheric and meteorological phenomena which prevail. Such
studies are important to the development of propagation models to facilitate the use of
basic meteorological data in the prediction of propagation conditions. As an adjunct
to such investigations, and to provide the means to develop and test such prediction
procedures, an extensive statistical analysis of propagation along the 500 m range is
being carried out; products from this analysis include probability distributions of,
for example, (a) the levels of attenuation and rainfall rates which were exceeded
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during the measurement period; (b) durations of fades of different depths and the
return periods between such fades; (c) instantaneous ratios of attenuation at different
frequencies, to facilitate scaling of data from one frequency to another; (d) rates of
change in attenuation, of particular importance to digital systems. These statistical
products are provided on annual, quarterly and monthly time-scales and can be classi-
fied according to type of event, i.e. rain, snow, fog, etc.

For such statistical information to have significance, it is clearly essential

that the propagation measurements should extend over considerable periods of time, in
order to average over the natural year-to-year variability in climate, and to assess
the extrema from long-term averages. While this long-term investigation is necessarily
still in progress, some preliminary results will be included here, with the caveat that
they represent only one year's data.

One of the more fundamental parameters in planning communications systems is an
estimate of a fade margin, appropriate to a specified level of reliability for the
particular service, for inclusion in link budgets. It thus becomes important to
determine the percentages of time that various levels of attenuation may be exceeded
over a given duration - typically one year, and preferably averaged over several years.
While such longer-term averages are still being compiled, as noted above, a preliminary
cumulative distribution of the attenuations measured on the 500 m range during its
first year of operation is presented in Figure 11, for all events and for attenuations
up to 20 dB km . At any given time percentage, the attenuations increase, in general.
with frequency, as expected for rainfall attenuation, which dominates the statistics of
propagation at millimetric wavelengths.

The dramatic increase in attenuation at infrared and optical wavelengths, however,
is due not to rain, but to fog, the incidence of which is typically 2-3% of the year in
the southern part of the United Xingdom, and which, as noted in Section 5, has only a
very minor effect at millimetric wavelengths. Comparisons of the different wavabands,
such as in Figure 11 for all events, or Figure 5 for rain events only, for example, are
of relevance to the design, application and operation of multispectral sensors; since
the various spectral regions exhibit different propagation properties, while the
particular technologies employed in each spectral region also possess different merits,
data such as in Figures 5 and 11 can provide an insight into the possible development
of multispectral systems to overcome some of the disadvantages of single-frequency
systems, to provide more reliable and effective services in the future.

Cumulative distributions similar to Figure 11 have also been obtained for attenua-
tions in rain only and for rainfall rates. By obtaining from these distributions
equiprobable values for attenuation and rainfall rates for insertion into Eq. (1), it
becomes possible to test statistically the models used to derive the tabulated values
for the coefficients a and b; such comparisons will have more significance than
analyses of individual events. The results of such testing to date tends to confirm
that, in general, the published values underestimate rainfall attenuation at the
shorter millimetric wavelengths, as noted in Section 3 and in reference 11.

While distributions such as in Figure 11'indicate the likelihood that a fade of a
given depth might occur, they provide no information on how long such a fade might
last, nor indeed on the time until the next. Such information is of particular impor-
tance to the operation of communications systems, in order to be able to relate
outages, i.e. fading, to system availability, or, if a particularly high degree of
reliability is required, in planning systems to include space-diversity facilities, for
example. Accordingly, the data have further been analyzed to investigate the distribu-
tion of fade durations and the return periods between such fades. The minimum fade
duration considered was 30 s, i.e. three consecutive measurements of attenuation in
excess of a given threshold. Figure 12 shows the probability distributions for fades
of different durations, from 30 s to over 3 hours, measured at 97 GHz, while Figure 13
shows the analogous distributions of the return periods between the fading levels in
Figure 12. While these distributions should not be regarded as definitive, particular-
ly as they are based on only one year's data, it is relevant to note that they bear a
stiking resemblance to a log-normal distribution, , This has also been observed at other
frequencies and for other propagation paths , and suggests that, given a more
complete database covering periods of several years, it may be possible to develop
empirical models to predict attenuation, fade duration and return periods, which will
be of great value in the planning, design and operation of future communications
systems.

8. SUMMARY

This paper hap described the 500 m Millimetre Wave Experimental Range at Chil-
bolton, operated by the Rutherford Appleton Laboratory, to investigate the effects of
the atmosphere and its prevailing meteorology on the propagation of electromagnetic
radiation in the millimetric, infrared and optical wavebands. Examples have been given
of investigations with rainfall attenuation, the effects of other hydrometeors such as
snow and fog and propagation through turbulent media, together with some preliminary
reaults on the statistics of propagation conditions, of relevance to systems planning.

-A
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DIBUUBIXON

Your results show that, in most adverse conditions, the IR attenuation is less than the
visible. The statistics of avaflabiiity (rig 11) indicated the converse. Could you
please comment.

AUTMRGa UIIPLY
This is to some extent an artifact in thio particular set of data. During the period
analysed in Pig 3.1, the visible link was not operational for some of the time, and
several long fog events were thus not included. Further analysis of subsequent data,
which is still in progress, shows the more expected situation in which visible attenua-
tion, particularly in fog, is greater than ut infrared wavelengths.

R. IKUTTLE
In comparing the 97 GHz and 10.6 Am attenuation during rain, did you look at possible
forward scatter offeets on the measured attenuation? Since for the rain drops which are
large compared with IR wavelengths, thet forward ucattered diffraction peak will have an
angular upread which is comparable to the field of view of many transmissometers. The
result will be for the smaller wavelengths more of tho forward scattered light will be
deteýted by the tranaMiisometer leading to higher measured transmissions and lower
attenuation coefficients. This is consistent with your results particularly for larger
attenuations where the larger drops are more prevalent.

RUTMOR'IS RIPLY
Forward scattering effects were not conalidered in this analysis - the attenuations were
simply those measured on the range.
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EVAPORATION DUCT EFFECTS AT MILLIMETER WAVELENGTHS

by

LDAnderson
Ocean and Atmospheric Sciences Division

Naval Ocean Systems Center
San Diego, CA 92152-5000

United States

Summary

The evaporation duct strongly influences low-altitude over-the horizon propagation at
millimeter wavelengths. Results from more than 2000 hours of propagation and meteorological
measurements made at 94 GHz on a 40.6 ka ovar-horizon, over-water path along the southern
California coast show that the average received power was 63 dB greater than expected for
propagation in a nonducting, or normal, atmosphere; 90 percent of the meaasurements were at least
55 dB greeter than the normal atmosphere.

A numerical model of transmission loss based on observed surface meteorology is discussed and
results are compared to measured transmission loss, On average, modeling results underestimate
the transmission loss by 10 dB. In addition, results from modeling based on an independent
climatology of evaporation duct heights for the area are shown to be adequate for most propagation
assessment purposes. The reliability and reasonable accuracy of the model provide a strong
justification for utilizing the technique to assess millimeter wave communication and radar
systems operating in many, if not all, ocean regions.

LIST OF SYMBOLS

£ Evaporation duct height (m).
A4. Potential refractivity difference between air and sea.
R Bulk Richardson's number,
1 Empirical profile coefficient.

INTRODUOTION

The evaporation duct is a nearly permanent propagation mechanism created by a rapid decrease
of moisture immediately above the ocean surface. Air adjacent to the surface is saturated with
water vapor and rapidly dries out with increasing height until an ambient value of water vapor
content is reached, which is dependent on genvral meteorological conditions. The nearly
logarithmic decrease in vapor pressure causes the refractivity gradient to decrease faster than -
157 N/km, which is a trapping conditLon. The height at which dN/dz equals -157 N/km is defined
am the evaporation duct height and is a measure of the strength of the duct. Typical duct heights
are between s few meters and approximately 30 moters with a world-averago '-ilue of 13.6 moetrs
1). Because these ducts are vertically thin, strong trapping is infrequently observed for

frequencies below 2 GHz.

For low-altitude, over-water applications, the evaporation duct has been shown to be a
reliable propagation phenomena that nan dramatically increase beyond-thv-horizon signal levels
for frequencies greater than 2 GHz 12)-[41. Although the highest frequency reported in previous
work is 35 GHz, the results show that the magnitude of signal enhancement (referenced to
diffraction) Increases with increasing frequency. An analysis of the Aegean Sea measurements 14]
shows that median received signal power on a 35-km path is 2, 15, 27, and 30 dB above diffraction
for frequencies of 1, 3, 9.6, and 18 GHz respectively. Received signal power at 35 GHz on this
path is consistently 30 to 45 d5 above diffraction [4].

Effects of evaporation ducting on over-the-horizon signal propagation at 94 CHz are presented.
Results from more than 2000 hours of RF measurements made on a 40.6 ka path along the southern
California coast are analyzed in terms of path loss (equivalent to transmission loss) which is
defined as the ratio of transmitted to received power assuming loss-free isotropic antennas.
Numerical propagation modeling results based on measured and climatological surface meteorology
are compared to measured path loss. These comparisons are good and the results strongly support
using the propagation model to predict the performance of millimeter wave systems operating near
the surface in all ocean regions.

A brief review of the evaporation duct model and the propagation model used in this analysis

precedes a discussion of the experiment and the results.

Modelis

In practice, boundary-layer theory relates bulk surface meteorological measurements of air
temperature, sea temperature, wind speed, and humidity to the vertical profile of refractivity
end thus the evaporation duct height. In a thermally neutral atmosphere where the air-sen
temperature difference is 0, the modified refractivity profile is given by

K(z) - H(O) + 0,125(z - $-ln( (z + zp)/zo) ) (1)

where z is height above the ocean, 6 is evaporation duct height, and z0 Is a length characteriaing
boundary roughness. For a thermally non-neutral atmosphere, stability terms are incorporated into
Eq. (1) (See Jemke, 13)), However, for common departures from neutrality, propagation
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calculations indicate that a neutral profile is a reasonable approximation, provided that duct
height for the neutral profile is calculated from observed meteorology. In this analysis,
evaporation duct height is computed from surface observations usaing the Jeske model (3,1[51 as
implemented by Hitnsy [6] with thermal stability modifications auggested by Paulus (7].

Numerical propagation modeling techniques have shown good agreement to iF measurement results
when single-station surface meteorological observations are available to determine the
refractivity-versue-altitude profile of the evaporation duct (8). In a maritime environment, the
assumption of lateral homogeneity (vertical profile of refractivity invariant along the path of
propagation) Is generally good [8], [91 and justifies a waveguide formalism [10]-(121 approach to
the analysis of propagation through the troposphere. Numerical results are derived from a
computer program called "HNAYEf" which is an enhanced version of the "OXiV" program [13). MlAYFR
assumes that the vertical profile of refractivity over the sea can be approximated by an arbitrary
mnmber of linear segments and uses an ingenious technique (141 to find all complex modes that
propagate with attenuation rates below a specified value. Surface roughness is developed from
Kirchhoff-Huygens theory in terms of rem bump height, a , which is related to wind speed as a
- O.OOSlu', where u is wind speed (i/o) 1151,(16].

The determination of the vertical refractivity profile is crucial to the MAYER calculations.
For neutral and stable conditions, the duct height is

5 - (2)

1.32 + o.0867.R/r.(0.75 - A.)

where a . is the potential refractivity difference between the air and sea surface, R is the bulk
Richardson's number, and r is an empirical profile coefficient, Eq. (2) assumes that bulk
parameters are measured at a height of 6 m and that an is 0.00015 m. Under neutral conditions,
R Is zero, hence the potential refractivity difference is *, - -1.32,6. The potential
refractivity gradient (under neutral and stable conditions) is

A# . 1 l./z + 0,0867.R/r IS- (3)
AZ 10.60 + 0.52.R/r

where z is the height above the surface. Again, undeg strictly neutral conditions, Eq. (3)
reduces to A#/Az - A4#/(l0.60,s). The potential refractivity gradient is related to the
refractivity gradient as
h4/Az w AN/A + 0.032 and to the modified refractivity gradient as
A/•¢ w A/Ax/a - 0.125. Using Eqs. (2) and (3), the modified refractivity profile was determined
for evaporation duct heights from 0 to 20 m in 2 a intervals. These profiles are shown in Fig.
I where the surface modified refractivity is referenced to 0 N-units. Path loss calculations were
S-de for five ras bump heights; 0.0 (smooth surface), 0.025, 0.100, 0.250, end 0.500 a

corresponding to wind speeds of 0.0, 4.3, 8.6, 13.6, and 19.2 knots.

For a one-way transmission system, signal power at the receiver is

Pý - P, + G, - L + G, + G, (4)

where P, is power transmitted, Gt and G, are transmitter and receiver antenna gain., and G. is
additional gain measured from the reciLver antenna to the point in the receiver where power is
measured, Assuming transmission-line losses and other hardware-related losses are accounted for
in P, or O., the loss L can be written as L - 14 + L., where Lm is losa due to molecular absorption
and 4. is loss accounting for all other environmental and geometrical losses. The advantage of
treating L as the sum of two independent terms is that 1% then depends on observable air
temperature and humidity, whereas L depends on the same two observables in addition to sea
temperature and wind speed. Of course, both loss terms depend on geometry of the transmission
path; L is the product of attenuation rate and path length, and L involves a complicated
dependency an the refractivity profile, path length, and antenna hoights,

Range depenrtency of absorption-free path lose (L.) at a frequency of 94 GHz is shown in Fig,
2 for a normal atmosphere, denoted by 0 duct height, and for evaporation duct profiles (neutral
stability) corresponding to duct heights of 2, 4, 6, and 8 a. In this case, transmitter and
receiver are 5 and 9.7 m above a smooth sea surface, and coherent signal propagation (modal
phasing included) is assumed. At a range separation of 40 ka, L. for transmission through a
nohmal atmosphere is about 250 d9 (assuming a typical 0.7 d5/km molecular absorption attenuation
rate, total path loss is about 280 d5). For propagation in an atmosphere represented by a
refractivity profile corresponding to an evaporation duct height of two meters (a relatively
shallow duct), L. is approximately 184 d4 -- a "gain" of 66 dl compared to the diffraction
reference. With an S-m evaporation duct, path loss increases '4th ran&e at a fairly consistant
rate of about 0.2 dB/ka beyond 30 km.

Path loss variation with receiver height is shown in Fig, 3 for a path separation of 40.6 ka.
The transmitter is located 5 a above a smooth surface, In a normal atmosphere, path loss for a
receiver located 20 a above the surface Is about 230 dB. For this aame receiver in an environment
of a 2-m evaporation duct, path losa is about 178 da; a gain of 52 dB even though both
transmitter and receiver are outside of the duct.

Surface roughpess effects are shown in Fig. 4 for a transmitter at 5 a, receiver at 9.7 m, and
a fixed path separation of 40.6 kIa. Incoherent signal propagation (modal phase is ignored) is
used to represent absorption-froe loss, L.. Higher wind speeds generally increase loss with
respect to a smooth surface, except for a normal atmosphere where the wavoguide modes are
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evanescent. For duct heights a~ove 10 a, path lose at the two highest wind speeds are nearly
equal. Above 16 a, path loss for wind speeds greater than about 8 knots are nearly equal. In
these highly trapped cases, many weakly attenuated modes are found and the agregate effect is
for convergence of the mode sums to A limiting value. At 94 CHz, the limiting value of surface
roughness appears to be a bump height of 0.5 a.

rQVUIMUr DE8CUPTION

A 40.6-kl transmission path along the Southern California coast was chosen and instrumented
for the measurement program. The path is shown in Fig. 5. The transmitter antenna was located
5 a above mean low water (ulw) at the Del Mar boat Basin facility of the U.S, Marine Corps base
at Camp Pendleton, CA. This antenna, a horizontally polarized 12.inch-diamoter lene with a 0,7'
beamwidth, was centered along the path at an elevation angle of zero degrees. The horizon is 9.2
ka and is shown as a dashed arc Ln Fig, 5.

The receiver site wes at the western end of Scripps Fier, located at the University of
California at San Diego, CA. This pier extended 335 m from the shore, which, in all but the worst
stores, placed the receiver beyond the surf zone (this pier has since been torn down and replaced
by a new structure) The receiver antenna was located 9.7 a above miw (horizon of 12.9 ki) and
was pointed towards the transmitter with an elevation anal. of zero degroom.

The RF transmitter was similar to the receiver which is shown in Fig. 6. An X-Band
oscillator, phase-locked to a stable 103-NHz crystal source, phase-locked a 94-Gflz Cum diode,
Approximately 23 dBm of transmitter power wva generated by an injection-locked IMPATT diode, At
the receiver, the 103-MHz crystal source was offset from the transmitter crystal reference to
generate an IF of 59.8 MHz which was monitored by a spectrum analyzer, Although the controller
could adjust analyzer functions to optimize signal detection, the analyzer was typically set for
a frequency span of 181,7 Kux, no integration, and with video and resolution bandwidths of 3 KHz.
Signal power and froquency were recorded with an effective sample time of 540 milliseconds,

System "constants" (power txansmitted, antenna gains, and RF-to-IF gain of the receiver) are
listed in Table 1. Total path lose is related to observed received signal power as L - 157 - P',
which is the sum of the system constants minus the power received (see Eq. 4). Minimum detectable
signal power at the analyzer was :s -3 dil, which corresponds to a maximum detectable path loss
of m 240 d5 (L - 157 - .83). Diffraction is about 250 dB for the geometwy of the path (See Fig.
2). Therefore, without evaporation ducting, the signal should be 10 dB below the receiver noise
level and should not be detectable. However, the expected gain of about 60 dB through evaporation
ducting, less the expected molecular absorption lose of about 30 dB, places the signal at about
220 dA which is detectable by the receiver.

The dynamic range of the a&nlyzer was sufficient to lock onto and track the signal in all
conditions, except when there was precipitation along the path, which was rare, A moderate rain
shower, uniform along the path, could increaso path loss by 100 db, making any •ractical reception
impossible. As a reference, the basic freo-space transmission loss, (4wd/A•), ins 164 dB, where
d Is the range separation and A is the wavelength,

Air temperature, sea temperature, relative humidity, wind speed, and wind direction were
recorded at Scripps Pier in conjunction with the RF measurements. Table 2 describes the surface
meteorological sensors, which were monitored by a data acquisition system that sampled and stored
the data every 10 seconds.

In operation, measurements were recorded 24 hours per day, To reduce the volume of data,
statistics of rnri and standard deviation were locally computed for lO,,minute intervals,
Approximately 60 samples of surface meteorology and approximately 1000 samples of power monitored
at the analyzer were used to compute theme statistics. The local data (statistics) were
automatically transferred for further analysis via modem lines to computers at Naval Ocean Systems
Center, about 10 miles mouth of the receiver site.

Evaporation duct height and molecular absorption were computed from observed rms values of
surface meteorology. Absorption-free path loss was determined by a look-up procedure into a
precomputed two dimensional table. One dimension of thie table was evaporation duct height from
0 to 20 m in 2-m intewvnlm; the other dimenaion wan rmo bump height specified at 0 (smooth
surface), 0.25, and 0.50 w.

USULTS

KZASRUlAWS

Measurements began in late July 1986 and continued through early July 1907. Night periods,
totaling 102 days of operations, were completed during this time. Table 3 lists the time periods
in which measurrements were made.

One-way transisasion path data were analysed by comparing observed tis path loss (transmission
lose) to path loss computed for beth evaporatian duct height and rma bump height, which were
calculated from surface meteorological quantities veasured at the receiver site, Absorption-
fLee path loss calculated by NLAYEv was modified by adding molecular absorption loss calculated
from surface meteorology (reference [17]) i1. order to compare it to observed total path loss. '
Molecular absorption lose during Ili, intire measurement program avernged approximately 30 dB.

Figure 7 shows the time-series of surface meteorology, measured path lose, fnd predicted path
loss L'o a reprosentative measurement period. Figure 7(m) is a time-series plut of asured air
tamperature (C), relative humidity (t), and wind speed (knots), Also included in this figure is
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the computed molecular absorption (d0l), labeled as a. The time ahown on the abscissa is plotted
in local tim; hour 00 is associated with the tic mark above the first character in the day label.
Caps in the data (around August 8) were due to software and hardware failures that were manually
corrected.

In this period, relative humidity was nearly always greater than 90 a and accompanied with
oleht winds. Sor tepnssrture was fairly constant 3 t5 bout 20(d(gres Celsius, Fitrse 7(b) hdaws

the air-thn temperature difference i nd the c5lculated evaporation duct height. Diurnal changes
of about 3 degree Cwlsius in les temperaure arts observed early in this period and become lpsa
pronoueced moter. wvnd direction, Fig. 7(c), ohowe soms land-sea breate effects up until about
August 4th when the branst b rcada faprly coastint from the northwest. Fig. 7(d) shows the
observed a ad predicted path loss. Predicted path lose in derived from adding the calculated
absorpthon to the patr that relates pthe evaporstion duct height on A point-by-point basis.
Considering that the prepagation modal assumes spatial and temporal homogeneity along the entire

40.6 e m path, the time-serics agreemont between the observed and predicted path loss is
remarkable.

With no ovporaclton ducting, the estimated path lo g .A the sun of the diffraction path loan
2nd the molecular absorption, The diffrcction loss for the path geomery i o 250 dB; the averdat

molecular absorption loy n 10 seen to be ebout 35 dB (Fig. 7(b)); nhereforl the estim ate h
loss with no evaporation ducting is about 285 dD. From Fig. 7(d) , the average observed path loss

is 2bout 225 dd, which cs 60 d5 ferm thin what is oxpected using normatl or 4/3 earth propgatron
prediction models However, w th ductrhei ph los is of about 60 d5 greater thro the free-space
level (164 dB) which means that radar applications are unlikely unless the target has a large

radar cross-section.

ALL H]LeAt•ZNT PIRIODS COXBINZD

The crucial parameter thst relateh path loss to surfhct meteorological conditiong is
evaporation duct height, A hcittar plot of datenrenat between observed snd predicted plth loss
In relation to calculated duct height is shown in Fig. 8. All 102 days of obiervations, more than
12m000 data points, are Included. Predicted pfth loss, on ardei ae, undtrest4mlate observed path
lors by gpproximately t0 dB ond, in the extremes, underestimates by nearly 40 dBc nd ovu 4 timates
by 22 dB. A trend u ine, computed from b histograd of scatter, indicates mtdhan error. The urgnd
izefor error to increase with duct height up to heights of about 5 m; median error is relatively
e mt for higher duct heightws

Wind speed strongly affects both evaporation duct height and surface roughness. Higher finds
generally incr•eae duct height and increses attenuation due to roughnsms. A scatter plot of

error in path lofs with rlastion to wind spaet lo tow pictions drend line indicates that
median error in about 2.5 dB for winds less than 1 knot and increases to w 14 dB at about 5 knots.
For winds greater than about 5 knots, arror remains nearly constant at about 14 dB. It is

tempting to reduce thei error bias by modifying rma btup height beatuse the surface roughness
formulation in HoAYER il one of the larvest uncertainties at mdllcmetcr wavelengthsy However,
the measurement program was designed to test for gross environmental effects; a modification to
rms bump height or surface roughness formulation cannot be justified from this data.

CLZIKTOLOGY

A comparison of observwd absorption-from path lose to predictions derived from A separate
climatology of evaporation duct heights [I] Illustrate• An Application of the propagation modal
to the asusesment of a millimeter wave system. The revporation duct climatology is based 6n 15

years of surface meteorological observations (normally taken by ships at sea) from which the
distribution of evaporation duct heights were computed. All ocean areas were analyzed in 10* x
10* grids (Marsden Squares). For the San Diego off-shore area, the evaporation duct height
frequency distribution, Fig, 18, shows a peak for duct heights between 6 and 10 m. Duct heights
greater than 20 m are infrequent. Combining this distribution with the results shown in Fig, 4
(0.25 m bump height), gives an accumulated frequency distribution which is shown as a solid line
in Fig. 11. Observed absorption-free path loss is plotted on the same figure as a dotted line.
Free space and diffraction fields are referenced, Although the predicted path loss distribution
consistently underestimates the obsorved, it is clearly a better predictor compared to assuming
a normal atmosphere representation of the environment. In the worst case, it is only soms 10 dB
less than observed, whereas the difference Is about 4 dB at the 50 percent level, The observed
path loss reduction from diffraction exceeds 63 dB half of the tinis; 90 percent of the time the
reduction exceeds 55 dB. Both predicted and observed distributions show that path loss is 45 dB
less than the diffraction reference 100 percent of the time (the occurrence of rain was negligible
during the measurements).

CO•lCLASIONS

Low altitude propagation of millimeter waves at ranges beyond the radio horizon is strongly
influenced by the evaporation duct; for the prcpagation path used, received power levels are on
the order of 50 to 100 dN greater than the power levels expectid for propagation through a
nonducting or normal satsosphere.

A single-station measurse'nt of surface meteorology in adequate to analyze millimeter wave
propagetion over the ocean. On a point-by-point comparison, modeling typically underestimates
observations by about 10 dB; the error is probably due to incomplete considerations of both
horizontal heterogeneity and surface roughnesj offects. Direct sensing of rhe environment on the
scale of kilometers in the horizontal and meters in the vertical is impractical, however,
planetary boundary layer models and remote sensing techniques may, in the future, offer
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considerable improvement to the propagation analysis. The formulation of surface roughness in
the propagation model is one area that is actively being examined for a more complete
understanding.

In summary, the increase in received signal strength due to the presence of the evaporation
duct ham been realistically modeled and provides an accurate estimate of actual millimeter wave
system performance, The significant system "gain" due to evaporation ducting is clearly an
important coneideration in the design stages of moderate range, over-water millimeter wave
8ystems.
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Table I RF System Constants

Component Value

Transmitter power 23 dBm

Transmitter antenna gain 47 dBi

Receiver antqnna gain 47 dBi

Receiver RF-to-IF gain 40 d3

Table 2 Surface lteteorological Senscrs

Sensor Type Accuracy Response

Air temperature Platinum RTD 0.1 dog c 10 see

Sea temperature Platinum RTD 0.1 dog C 30 sec

Relative humidity Crystallite fiber 6 1 60 sac

Wind speed Cup . t 1,5 m

Wind direction Vane 1 dog 1.1 m

Table 3 Dates of Measurements

Start End

July 29, 1986 August 10

September 2, 1986 September 11

Octnber 7, 1986 October 20

November 18, 1986 November 23

December 1, 1986 December 23

January 13, 1987 January 30

May 4, 1987 May 14

June 30, 1987 July 5
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Fig. 5. Transmission path from Camp Pendleton to Scripps
Fier, CA. Normali radio horizon is Indicated by the d-tahed
arcs centered on the Lransmitter and receiver sites.
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e, d Fig. 7a. Air temperature, relative

humidity, and wind speed measured
at Scripps Pier, Molecular absorption
at 94 CHz calculated from surface
meteorological measurements.
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tends to underestLimate the measured path loss (dotted curve)
by 10 dB.
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Fig. 10. Climatological evaporation duct height
distribution for the San Diego off-shore area.
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DIBCUBSION

X. LMVY
Does diffuse reflection from the rough sea surface contribute to transmission loss? Is
it modeled? It might explain the discrepancy between measurements and prediction.

AUTEORIS REPLY
We presently model sea surface roughness effects by simple modification of the reflec-
tion coefficient. A rigorous approach is being incorporated into our treatment using
the parobolic equation approximation.

J. BACK ANDERSEN
Do you assume horizontal homogeneity of the duct, and could deviations explain the
observed path loss?

AUTHOR16 MEPLY
Yes, horizontal homogeneity is assumed and this is clearly not always correct. Spatial
and temporal variations over the path maybe a major factor in explaining the differences
between the observed and predicted path loss. However, our present modeling explains
the 60dB signal enhancement above what one would expect under standard atmospheric
conditions and seems to be a satisfactory first order approximation.

J. RZCSTER (CGMOiENT)
In response to Professor Bach Andersen's question, horigontal inhomogeneity of ducting
conditions along the path may certainly be one of the reasons for discrepancies between
calculated and measured field strength values. Ducting parameters were measured only at
one end of the propagation path and horizontal homogeneity was assumed along tha path.

D. Hd0N
Are similar effects possible over land, under specific conditions, like melting snow,
after rain, etc?

AUTHOR'S REPLY
In my opinion, it is unlikely to see similar effects over land. The surface would have
to be relatively amooth over ranges of tens of kilometers and provide an unlimited
moisture zource.
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SUMMARY

Preliminary results of a joint Extremely High Fraquanoy (KHF) radio relay trial between

SHAPE Technical Centre (STC) and the Delft University of Technology (OUT) are presented,
The tr•ial was established to study t;he effects of meteorological disturbances, of which
rain is the principle cause, on a d&,ital radio relay path 12.7 ka long operating at 37.5
GHz. Practical use for these radio relay links is found in local grade connections in an
Integrated Services Digital Network (ISDN).

1. INTPODUCTION

A Joint study between SHAPE Tcchnical Centre, The Hague, and the Delft University of
Technology was started In 1987, with the goal to investigate when and how often t:he micro-
sttuctures within rain calls disturb the CCITT performance objectives. Therefore a 12.7 km
experimental radio relay link was eastblisheo between OUT and FEL-TNO The Hague, operating
at 37,5 GHz. The disturbances of the radio link were quantified by measuring the signal
loss due to precipitation, in terms of bit error rate end signal attenuation, and the rate
of precipitation at three points on the path. Measurements were carried out continunusly
until April 1988. From the data collected, some events were selected for further analysis.
The remaining data consisted of 23,000 records.
The user service performance objectives for digital radio-relay systems to support ISDN are
contained in a series of complementary CCITT And CIR Racomnxiindatlons. The CCITT hae chosen
to specify performance in Recoiamendation G.821 in terms of errored intervals (EX), However,
since ISDN circuits mostly will be multiplexed on the transmission link, direct meauur•eent
of El on the link is not likely to be representative for the channel performance. In digi-
tal radio systems the figure-of-merit traditionally is the bit error ratio (BER).
In this study the digital link is characterized on the basie of the CCITT Recomumendation
C.821. The error performance objectives for trsnamission links to e.tabliah local grade in-
ternational ISDN connections arg shown in Table 1. These objectives have been set: ;- under
the condition that a BEg of 10 just satisfies the quality specifications for recption,
and a BER of 10 , measured per second intervals and lasting for at least 10 seconds, makes
the connection unavailable, Dependent on error corre5 tion coding techniques, reliabli
reception can be maintained for a BER a& high as 10'

2. THK01ETXCQ. CONSIDERATIONS

Above 300 MHz up to 10 GHz the main propagation aspects to be studied are the characteriza-
tion of multipath propagation coming frol:

- reflection at the earth's surface;
- refraction In a clear air layered troposphere;
- diffraction at obstructions like hills, buildings, etc.

Above 10 GHz the radio wave propagation studies in the troposphere are extended with inves-
tigations of:

- attenuation due to gas absorption effects;
- attnu&tton, scattering and depolarization by hydrom,-eors in the radio beam like

saow, hail and melting particles,

By selection of the radio frequencies between the absorption lines, the corresponding at-
tenuation can be minimised.
So far ithe hydrometeor scattering on a digital radio system is considered an a pure at-
tanuator in the transfer function to characterixe the path. No dispersion - due to
scattering from distinct rain cells and their micro-structure, located within the Fresnel
zone of the path - Is assumed. For verification it is then sufficient to measure the at-
tenuation statistiec on the link togethiar with a separate measurement of the received power
level, in particular the BER, as function of the Carrier-to-Noise Ratio.



11-2

3, COMICOURATION OF THE TAIAL

An assessment of NATO's current requirements showed that the primary interest was in short
terrestrial transmission links 10-15 km long. The two sites selected for the trial were lo-
cated at FEL-ThO The Hague (next to STC) and Delft UT, which are in line of might and have
a radio path of 12.7 km. The outline of the radio relay equipment characterists are shown
in Table 2.

The DER test blocks wVer transmitted outwardly from Delft UT to the FEL-TNO The Hague and
then relayed inwardly back to Delft UT, where any errors detected were encountered. With a
transmission rate of 5 Nbps and a block-length of I00 Nb, SER measurements were done in a
20 seconds8inttrval using a Data Error Analyzer. Recording of DER only occurred if it ex-
ceeded 10' . The received power Level then also was recorded by mearuring the receiver AGC
voltage, which had a linear relationship with the received power level.
Rain rate measuring sites were selected such that there was one at each end close to the
radio relay equipment and a third approximately sidpath. The rain rate integration time was
set to 20 seconds to be compatible with the SDR measurements, A threshold collection value
wa set to 2 ma/hr, in order to avoid collecting an excessive amount of data and to avoid
dkta on isolated bursts of only 2-3 normalized drops in a 20 second sample.

The gain margin of the equipment aquala 157 dB and determines the maximum tolerable
propagation path losses before the received power level reaches -68 dim, This lov.j refers
to the r.f. power at the mixer input of the radio relay equipment for a ]IM of 10 and a
transmission race of 20 Mbps.
The clear air propagation losses Llong the path Consist of free space loss and oxygen ab-
sorption. With a path length of 12.7 km and frequency of 37,5 GHz, the free space loss
equals 146 d3, The oxygen absorption at 37.5 GHz lies between 0.06 and 0.07 dZ/km [3], that
is an additional losa of between 0.76 and 0.89 dl for the 12,7 km path. The total clear air
lose the, equals 146.9 dB.
The theoretical system margin is defined ri the gain margin minus the total clear air
propagation losses and hence equals !A.2 dS. This means that an additional18alos of 10.1 dB
along the path can be tolerated without introducing HER's greater th6n 10' .
The excess attenuation due to rain is dependent on the structure of rainfall (size dis-
tribution, shape, canting angle, temperature and fall velocity of raindrops). In
homogeneous rain the relationship between the attenuation coefficient and the rain inten-
sity is given by:

- an

where 7 - excess ettenuation tdS/kml
R - rain rate (mm/hr]
K and a are frequency end polarization dependent.

Relevant values for K and a are shown in Table 3 as given in (31,

An Assessment of the maximum tolerable homogeneoua rain rate •ver a 1267 km path is made by
using averaged figures in Table 3 (frequency 37,5 GHz, polarization 45 ) and the subsequent
theoretical system margin:

Kaximum loam - 10.1 d9 / 12.7 km - 0.00 dB/km

by inserting these values into 1 - K Re the maximum rain rate is approximately determined
as:

R 3 - 4 me/hr

Widespread or stratiforb r&in only occurs at very low rAin rates, below about 2 mA/hr.
Cumulative rainfall data available indicated that these conditions would exist for less
then 0.10 of the year 13). The theoretical calculations show that the link was likely to be
unaffected by low rain rates unless the transmitter power was reduced to a minimum.
The inward radio link from FEL-THO The Hague to Delft UT was established in clear air con-
ditions. The transmitter power at IlL-THO The Hague was reduced such that the received
poVer level at Delft UT was about -69 d~m. Hence, no errors occurred in clear sir condi-
tions. but the inward link would be sensitive to propagation path disturbances. The outward
link from Delft UT to FM-TNO The Hague was set to maxiama power such that the inward link
would collapse before bit errors were introduced on the outward link, Thus HER measurements
could be considered to have taken place over the inward path only,

4. ANALYS81 01 TRIAL IRIULTS

Initial analysis consisted of an assessmant on how the medium attenuated the signal power.
With the prior knowledge that significant attenuation of received signal power would take
place during periods of intense rainfall between Nay to September a set of DER data
measurements wav selected for analysis. This sample contained over 23,000 records and was
considered a statistical meaningful sample sse. The mean and maximum deviation in 8ER ver-
&us received signal level are plotted in Fig.l and are compared with the result of reducing A
the FFL-TNO The Hague relay transaitter power manually, The data collected contained power
measurements in increments of 0.1 dR.
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The received signal power attenuation for a BER of 19 -8 -versus the number of records was
analyzed. The corresponding results for a BFR of 1U were also made by extrapolating the
results from Fig.l, that is a parallel line 5 dB lower. The results of this analysis are
shown in Fig.2.
The cumulative distribution of error time was analyzed for a BER of 10 ". This shows that,
in this set-up with no power control, the maximum length of error was 30 blocks correspond-
ing to 10 minutes. For 170 of the total errored time, errors were confined to single blocks
corresponding to 20 seconds.
Initial analysis of the rain rats data collected, consisted of a quality assessment. Data
collected at STC, Ypenburg and Delft for the period March 9 to September 4 was assessed in-
dividually and collectively. The cumulative distribution of point rain rate for each
individual gauge is shown in Fig.3. The combined averages for all three gauges are shown in
in Fig.4. The results are consistent with only a small variation at the STC site due to its
close proximity to the crest. The total rain observation time the rain rate exceeded 2
mm/hr was nearly 100 hours over a period of 148 days, This means that each point on the
path was disturbed for about 2.80 of the total time.

5. CONCLUSIONS

The aim of the first phase of the trial was to derive general conclusions from a communica-
tions system engineering standpoint and to determine the method for the subsequent study.
The general conclusions from a system engineering standpoint are as follows:

The relitionshig between DER and received power can be regarded as linear over the range of
BER 10 to 10 . This makes it possible to simply couple the receiver power level to thro
BER in order to provide adaptive power control.

Overall link availability, for a BER of 10"8 and less then 5 dB attenuation, was found to
be 99.5%. This means that with & link margin of 5 dB only the degraded minutes and errored
seconds performance objectives for local grade international ISDN connections included in
CCITT Recommendation G.821 (Table 1/G.821) would be fulfilled, This was considered to be
significant during one of the worst summers on record (certainly worst month).

Long periods of rainfall at low rain rates had no effect on link availability, thus the ef-
fects of low rain rates on line of sight radio relay paths operating in the 37.5 GHz band
may be disregarded from a communications standpoint.

A link margin of 5 dB would be unlikely to meet the severely errored seconds objectives for
local grade international ISDN connections included in CCITT Recommendation G.821 (Table
I/G,821). Whether the objectives can be met by increasing the linK margin or by coding re-
quires further investigation.

Even at very low rain rates a rain cell structure can exist. It was concluded from this
measurement campaign that low level rain rates were of no further interest.

At higher precipitation rates the rain forms cells. The nature of this phenomenon is such
that it is unlikely that two cells will cross a communication path at the same time. This
means that the excess attenuation is, to some extent, independent of link length. Thus the
use of relays are unlikely to improve link availability.
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Performance classification Objective

Degraded minutes Fewer than 0.4% of one minute ;ntervals in a~ly month
to have a BER worse than 1.10

Sevarely orrered seconds For local grade connections, feaer than 0.054% of
one second Lntaryala in any month to have a BER
worse than 1.10

Errored seconds Fewer than 0.32% of one secondl intervals in any
month to have any errors (equi•alent to 921 error-
free seconds)

Table 1: Performance Objectives for local grade international ISDN connections.

Transmit frequencies Station at DU 3V.66 GCH Station at FEL-TNO 37,43
G0Z

Modulation Analogue FI
Transmit Power 100 mJ (nominal)
Transmit losses -1.4 dB
Polarization Linear. 45 degrees orientation between vertical and

horizontal
Antenna gain 35 dB. 10.3 inch diameter lena assembly
Antenna beamidth 2.5 degrees

Table 2: Outline of radio relay equipment characteristics.

lrequenry CHz K a
H V H V

35 0.2629 0.2334 0.9789 0.9633
40 0.3495 0.3098 0.9391 0.9287

Table 3: Values for K and a for horizontal (H) and vertical (V) polarization.

' F
-4

*Sllll rAUSiVAWI

Ia I I

-4I -I0 -1I. -7I -1. .7a -70 -to -so -1. -4 1 -II

Figutre 1. Maxii and maxismm deviation in BElt va received signal lavel.



10-5

W.4 0.. IQ L

4 O .

Fir 2

1 f9rfl~ 11 0110.

- . l*ltP \ , ' e .

II

D ADP 5.{IN 01•&Dl

SO 4C O.QIC 9 IM IX 495 (095
C lC 5s .in a hrl IS hr. I0,4 4l45 194 4.9i

Figure 2. Distribution of BER recordp vs attenuetion of received signal power.

lr'•.l SIi Ir bl~ •o ll

ago

*9 r•t.T .1 IDlb. ls 33 MIl

i• p~lnt,-g r hrl 3 slln

.Q P,.. . If hr. 3-3 . . .

so UL-th• : -.l h-.I -$ran

V9l-t C030 9 hr. 2 %In

10 fr 6shi 17 ha .2.5/ I

49

so

10

0'l I -L - 1 I I[

U 1t 10 31 40 no 9o 0o

Figure r'tlrIC.4 lrcellor

Figure 3. Comie umulative diLtribu utn of poin rain rate.

I '



10-6

DZBCUBSION

C. 01331*8
What kind of rain gauge did you use?

AUYZOR'3IU PLY
Each gauge is comprised of a rain collector/drop counter, and a pulse shaping/integra-
tion unit. The rain was collected by means of a funnel and formed into drops of uniform
size. These falling drops intersected an infrared light beam and were counted.

C. GOUOtL&RD
You envision the use of coding techniques to improve relay link performance. Consider-
ing the observed outage time, I think that you have to use very powerful codes like the
FIRE codes, or even better, the KASAKI codes. Their decoding is complex and may be very
expensive because of the speed you are using. Do you have any solutions in mind?

3UVTOR48 EIL!
Up to now we did not pay much attention to coding in very great detail. Depending on
the costs involved for either increasing the transmitter power, coding or a combination
of these, we hope to be able to reach a recommendation about the most cost-effective
solution at the end of the second phase of the trial.
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MN-WAVE REGION PROPAGATION EXPERIMENTS BY SATELLITE

PAOLO RICCI - ANTONIO FLORIO
Selenta Spazio Italy

via Saccomuro, 24 - 00131 Roma

1 5IMNARY

This paper is aiming to the topics of the RF propagation experiments, related to the earth space
comunicattons hy means of geostationary satellites, at frequencies exceeding the 30 GHz value, as lower
limit of the mu-wave region.
The Selenia Spazio activity Is outlined, as study, development and implementation, with reference to the
on board payload and earth stations able to carry out the atmospheric propagation experiments associated
with different satellites, for Instance Olympus and Italsat.

Olympus system, at the time being in course of in-orbit tests after the launch, will have experiments at
20/30 GHz, just below the m-wcve band,and includes a 12.5 GHz beacon which will be used as reference to
crosscorrelate th" behaviors at different frequencies, to extend the measurement dynamics of the
coherent receivers and as possible reference for antenna autotracking.

The next step will be with Italsat, the italian satellite scheduled for the launch at the end of 90,
allowing the first mm-wave propagation experiment for space comunications at 40/50 GHz, across the
outmost of the european zone; also in this case a third beacon at lower frequency (20 GHz) is foreseen
as multipurpose reference.
Selenia Spazio, prime contractor of Italsat satellite, is involved in the design and development of the
earth stations, which will be used to carry out the experiments over the italian territory. Due to the
performance margins and operating flexibility of these stations, their installation site can be situated
over the european coverage zone as well.

The functional configuration of the earth stations is presented and the related propagation experiments
are described in terms of performances and from an operational point of view. Copolar/crosspolar charac-
teristics and scintillation phenomena are included.

The triple frequency configuration (20/40/50 GHz) and the use of radiometric and meteorological sensors,
associated with the earth station, will give the opportunity to crosscorrelate the experiments results
and to extend their dynamics capabilities.
Suitable calibration procedures and error corrections about the acquired data, to be recorded and
processed, improve the measurements accuracy.

The propagation experiments results at 40/50 GHz will have interest both in the civilian and military
fields, for instance for secure communications and countermeasures.
The use of higher frequency values, until and beyond 100 GHz, is envisaged in other study activities for
atmospheric propagation experiments, referred to other satellites, for instance SAT2, and other sta..
tions, which could be derived from the Italsat ones, with similar architecture: in this cese the triple
frequency configuration at 45/90/135 GHz Is considered.

The mu-wave propagation experiments results can provide suitable guidelines for link design optimization
and to identify the opportunity of using frequency/polarization/site diversity configurations in the
different communication scenarios.,

2 THE 30 GHz LIMIT: THE STEP FROM OLYMPUS TO ITALSAT

In the near future advanced satellites, such as Olympus, Italsat and Acts, will be operating on an
experimental/preoperational basis.
The high frequencies involved, together with the sophisticated technics employed by these satellite
communication systems, require reliable information data on signal loss, depolarization and any other
signal impairment introduced by the radiowaves propagation through the earth's atmosphere.

The Olympus propagation experiment allows accurate measurements of the following characteristics:

absolute attenuation of vertically polarized signals at 12.5 and 30 GHz, and of vertically and
horizontally polarized signals at 20 G~z;
differential attenuation and phase between vertical and horizontal polarizations at 20 G(iz;
amplitude and phase cross-polarization discrimination at 12.5, 20 and 30 GHz.

Also the instantaneous or fast variations of the signals tn be measured (scintillation and fade rates)
will be of interest for many reasons, for instnnce automatic level control definition, reacquisition
characteristics and performance evaluation of vi, )us types of tracking systems employed in the ground
stations antennas.

This paper has been presented at the AGAMW in May 1989
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These basic data gathered at di,.erent sites for long time periods, together with radiometer clear sky
temperature and mteorologic measurements, will be a unique source of Information for a better
understanding of the behavior of electromagnetic waves at 12.5,20 and 30 GHz travelling across the
earth's atmosphere.

Propagation data gathered from previous experiments have shown that, In order to obtain statistically
manIngful results, at least jive years of measurements and data analysis are required.
It is also expected that several 20/30 GHz comunication systems will be operative before the end of
this century, even considering that the realization and launching of a new satellite needs six years of
time or something like this.

On the basis of these considerations, one can think that, while on the one hand the Olympus propagation
experiment might have little time margins compared to the scheduling of the above mentioned next
generation 20/30 Gflz systems, on the other hand it is time to start experimenting with frequencies
higher than those generated by the Olympus propagation payload.

For the reasons the Italian National Space Plan comprised, since the early eighties, a European coverage
propagation payload at 40/50 Gtiz with a third reference beacon at 20 GHz, to be embarked on board the
italsat satellite, scheduled to be launched within the next year.

The measurements which can be performed at 20,40 and 50 GHz, using the Italsat propagation payload, are
similar to those outlined above for Olympus at 12.5, 20 and 30 GHz; in the case of Italsat the beacon
switched in polarization Letween vertical and horizontal Is that at 50 GHz (for Olympus is that at 20
Gklz).
Moreover the beacon at 40 GHz Is circularly polarized and there is the possibility to measure amRlitude
and phase distortions suffered by this signal over a frequency band of 1 GHz.

3 PROPAGATION ACTIVITIES IN SELENIA SPAZIO

In the frame of propagation activities for satellite communications, Selenia Spazio is involved in the
design and Implementation of on board payload equipment and related ground stations, for different
frequency bands above 20 GHz, corresponding to various programs.

The main activities are referred to the Olympus and Italsat geostationary satellites, positioned in
longitude at 19*W and 131E respectively, each one transmitting three beacon signals BO, BI, B2 (see
table 3.1) cohelent in frequency, being originated by a common master oscillator.

TABLE 3.1

BEACON FREQUENCIES OF OLYMPUS. ITALSAT AMS SAT2 SYSTEMS

BEACON 50 BEACON 11 BEACON b2

OLYMPUS 12.502 GHz 19.770 Gliz 29.656 GHz

ITALSAT 18.685 GHz 39.592 GHz 49.490 GHz

SAT 2 44.58 GHz 89.16 0Hz 133.74 GHz

* INOICATES THE BEACON SWITCHED IN POLARIZATION

Selenia Spazio is carrying out the devolopment/implmentation of Olympus and Italsat propagation earth
stations, which will be used by the national group of Italian Experimenters (CSELT, CSTS, FUB, ISPT,
SIP, TELESPAZIO).

Three types of propagation station are involved: first one is the main station for Olympus, able to
receive all the three relative beacons and detect copolar and x-polar signals, as in phase and
quadrature components (the antenna aperture diameter Is 3.5 a); second type is the main station for
Italsat, similar to that of Olympus from a functional point of view, but of course at different
frequencies; third type Is a small station for Olympus, with antenna aperture diameter of 1.5 m, able to
receive and detect only the 91 beacon at about 20 Glz, as copolar amplitude for a single polarization
plane.

Moreover the small station is capable also to be pointed (as antenna boresight) toward Italsat satellite
and to be tuned on Its first beacon BO at about 19 GHz, as possible operative reconfiguration.
A first contract, already awarded to Selenia Spazio since the middle of '68, is funded by the National
Council of Researches and the new Italian Space Agency, and has as object the development and
realization of two main stations, one for Olympus and the other for Italsat, to be installed near Milan.

A second contract, since the middle of '89, is funded by the National Agency for Telephone services
(ASST), and has as object the provision of four main statiows, two for Olympus and two for Italsat, to
be Installed In Rom and Turin (as pair 01mpus + Italsat).
This second contract includis also the realization of 25 small stations, two radiometers at 13 GHz,
three radlometoers in dual band 20/30 GHz (one of which transportable) and meteorological sensors,
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The 25 small stations will be located all over the italian territory, to investigate the propagation
behavior in each region and the possible space diversity characteristics.

As. extension, a 20/30 G1z comunication experiment in space diversity will be performed, through Olympus
satellite, by means of one station in Larto and two stations in Rome, being these stations derived from
those dedicated to comunication service or test (fixed or transportable type).

3y using the main propagation stations, auxiliary or small stations, radiometers and meteorological
sensors, there will be the possibility to collect propagation data at different frequencies, different
polarizations, different site locations and to properly correlate the propagation data with the
associated radiometric and meteo data, in order to got a complete experiment data base for the
subsequent statistical analysis and processing.

Another preparatory involvement of Selenia Spazio Is the design configuration study for higher frequency
propagation, up to 100 GHz and beyond, for instance with refercnce to the SAT2 satellite, using three
beacons at about 45, 90 and 135 GHz (see table 3.1).

4 CHARACTERIZATION OF THE ITALSAT PROPGATION PAYLOAD (20/40/50 61z

The propagation payload configuration, of Italsat satellite, is shown in Fig. 4.1; it Is constituted by
three transmitters, each with its own antenna, operating at 20 GHz, 40 Giz and 50 GIZ respectively
(redundancy details are not shown).
The 20 GHz beacon antenna is shared with the global coverage 20/30 GHz payload.
The three beacon frequencies are coherent each other, being derived by multiplication from a common
mister crystal oscillator.

The Italsat propagation payload shown in Fig. 4.1 his a configuration derived from the SIRIO experiments
results.
As far SIRIO (12/18 GHz) is concerned, In fact bacon signals are generated on the ground station so
that some control of the modulation and transmission parameters could be useful for measurement alyo-
rithm tuning during the experiment phase.

The subsequent experiments foreseen with Olympus (12/20/30 G•z) and Italsat (20/40/50 GHz) are designed
for satellite generated beacons derived from a single comon oscillator.
In particular the Italsat propagation payload Includes beth the polarization switch at 50 GHz and the
modulation of the 40 GHz ciicularly polarized beacon, to carry out amplitude, phase, and polarization
measurements.

The characteristics of Italsat beacons are provided in table 4.1.

X98 MD X440 GHz

_____- 490ONT50 GHz.

101 MHz X18
MOD '9 J4 , 20 GHz

VrLM
GLUOBL CUVERAGE P/L

FIG. 4.1 - BLOCK DIAGRAM OF THE ITALSAT PROPAGATION PAYLOAD

TABLE 4.1

CHARACTERISTICS OF ITALSAT BEACONS

BEACON FAEQ. (G6Z) POLARIZATION EIRP (d01) )U•LATION FREQUENCY STABILITY

so 18.685 V 20 Phase modulation M-IiUW
TLN subcarrier at 65.536 KHz

+ 0.3 PPN on 24 hrs
S4 pp on 5 years

B1 39.592 Circular (RHCP) 27.0 Phase modulation, N-IRAD
fm - 505 M*z

B2 49.490 V/H switched at 25
933 Hz
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The V (vertical) polarization plar,e is received on ground tilted by 20' eastward with respect to the
meridian plane passing through Rome.
The H (horizontal) polarization plane is orthogonal to the V plane.
B2 beacon at 50 GHz has a polarization plane switching continuously between V and H, at a rate of 933
Hz.
The Bo beacon (20 GHz) on ground coverage is corresponding to the italian territory global coverage.

The 40/50 G61z propagation experiment has an european coverage as depicted in Fig. 4.2, with half-power
beawidth of 3 degrees and boresight intersection in the point 47" N of latitude/10E of longitude,
Deing the satellite positioned at 13E of longitude along the geostationary orbit.
Fhass jitter for each beacon is limited within 0.15 radians RPS, when measured by a PLL receiver with 50
Hz bandwidth. The polarization isolation is better than 30 dB through the service coverage.
The BS beacon at 20 GHz will be operated continuously. 81 and 82 beacons, at 40 and 50 GHz, will be
operated continuously, excluding the eclipse periods.
Bo beacon provides the tracking reference for TT&C and communication earth stations, besides to be used
for propagation measurements.
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5 ITALSAT P~ROPAGATION EARTH STATIONS

5.1 Technical Description

The Italsat propagation experiment earth station have a very similar architecture of the Olympus
propagation station.
The main station for the Italsat is composed of six different subsystems:
dtAntenna and tracking

- RF Front End
C Conversion Chains

- Measurement and control
cnData Acquisition
- pStation Auxiliary Equipment

In the first subsystem, the antenna feed Is divided in the dual band feed at 40/50 GHz and the 20 GHz
faed with monopulse.
The earth stationi simplified layout of Fig. 5.1 evidentiates the housing of the different equipment,
distributed i n three sections, nawtv the Antenna base, then shelter and the equipment room.
First location (outdoor) houses the -antenna with its structure and angular pointing mechanical devices,
all RIF parts with associated analog circuits, including Also the A/D conversion and digital detection

peripherals. The antenna control unit and motors power unit are located into the selter,
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The conversion chain architecture, represented in Fig. 5.4 for the beacons at 20 and 40 GHz, and In Fig.
5.5 for the beacon at 50 Giz, permits to minimize the Inherent receiver phase jitter so allowing very
accurate phase and amplitude measurements,

The choice of a so small value (25 K•z) for the last IF frequency is determined by two main reasons:
- simplicity of implementation of a small predetection bandwidth, proportioned with the PLL noise

bandwidth 2 BL of about 100 Hz;
to limit the sampling frequency, of the last IF signals, at 100 KHz, In the AID converters of the
Measurement and control S/S (SMC).

Last IF signal at 25 KHz is sent to the SIe S/S, which provides the A/D conversion, the digital coherent
detection ýin phase and in quadrature components) and post-detection digital filtering of the
propagation data.
An antisideband capability is foreseen against possible false locks on the sidetones at 933 Hz far from
the carrier for the 50 GHz beacon (B2) switched In polarization, and at 65.6 KHz far from the carrier
for the 20 GHz beacon (Be) modulated by the TLM subcarrier.

The data processed by SC S/S, together with radiometric and meteo-sensors outputs, are provided to the
Data Acquisition S/S, which performs the data recording, errors correction and preparation for the
successive statistical analysi;.
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5.2 PEfORIDAICES CHARACTERISTICS

Table 5.1 reports a sugary of performances characteristics relevant to the Italsat propagation station,
which are depending on the beacon frequency.

The antenna paranters, In terms of gain and NPOW, are relevant to a circular aperture diameter of 3.5
m. The overall AX noise figure Includes the insertion loss of the RF switching network preceeding the
LIMA. The system G/T and C/No values art referred to an atitenna noise tempeiature of 290'K, as in bad
weather, so that the corresponding fade margin values are completely available, as fading attenuation
dynamic range, measurable on the same beacon used for lock reference (see link budget in Tabi 5.2).

In the coherent receiver, a PLL noise bandwidth, double sided, of 100 Hz Is used.
Other station characteristics, comon to the three beacons, are resumed in table 5.3; in particular the
antenna available steering ranges, for the polarization alignment, Az and El pointing, allow a station
site location not only anywhere in Italy, but also In the outmost of Europe.
Moreover the antenna is equipped with a heating device, able to avoid the deposit of water or the
cumulation nf ice or snow on the reflecting surfaces, up to a mx snow falling rate of 50 Wh. The
overall station power consumption is 10.9 KW without deice and 20.0 KW with operating deice.
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TABLE 5.1

ITALSAT PIPAATION STATION CHAIiACTERISTICS SUMMARY

BEACON FREQUENCY (GHz) 18.7 39.6 49.5

POLARIZATION V RHCP V/H SWITCHED

ANTENNA GAIN (dB) 54.7 60.9 61.9

OVERALL RX NOISE FIGURE (dB) 5.1 5.8 8.5

ANTENNA HP8W (DEG.) 0.30 0.14 0.11

ANTENNA TRACK. ERROR 4.3 9.3 11.8
AT I a (% OF HPBW)

SYSTEM G/T (dB "K) 25 30.4 28.6

NOMINAL AVAIL. C/NO (dB Hz) 60.2 60.6 58.1

SYSTEM FADE MARGIN 32.9 33.0 30.1
FOR PLL BW - 100 Hz (dB)

TABLE 5.2

ITALSAT PROPA8ATION LINK BUOGET IN TRACKING

BEACON s0 31 32 (+) 82 ('-.) UNIT

1. FREQUENCY 18.68 39.6 49.49 49.49 GHz

2. EIRP (SAT.) 20.0 27.8 25.0 25.0 dBW

j. SPACE LOSS 209.5 216.0 217.9 217.9 dB

4. ATTENUATION OF ATMOSPHERE 0.9 1.2 3.2 3,2 dB

5. POINTING LOSS 0,0 0.1 0.2 0.2 dB

6. G/T (STATION) 25.0 30.4 28.6 28.6 dB/ K

7. BOLTZMANN CONSTANT -228.6 -228.6 -228.6 -228.6 dB/Hz K

8. SWITCHING AND MOOUL. LOSS 3.0 9.0 3,0 NA dB

9. C/NO AVAIL. 60.2 60.6 58.1 61.1 dBHz

10. PLL NOISE BANOWIDTH 20.0 20.0 20.0 20.0 dBHz

11. PLL THRESHOLD 7.0 7.0 7,0 7.0 dB

12. DEGRADAT. DUE TO PHASE NOISE 0.3 0.6 1.0 1.0 dB

13. MARGIN (FADE) 32.9 33.0 30.1 33.1 dB

NOTES.

(+) BEACON SWITCHED IN POLARIZATION AT 933 Hz

(++) BEACON WITHOUT POLARIZATION SWITCHING!

JI
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TABLE 5.3

OTHER NAIN STATION CHARACTERISTICS (ITALSAT)

- BEACON SELECTION FOR PLL REFERENCE

- ANTISIDEBAND CAPABILITY

- HIGH AMPLITUDE AND PHASE ACCURACY/STABILITY, THROUGH lIGHT
THERMAL CONDITIONING, AND COMPENSATION/CALIBRATION DEVICES

RX CHAINS AMPLITUuE NONLINEARITY OVER A DYNAMICS OF +10/-5OdB < 0.1 dB

ANTENNA XPO > 30 dB

POLARIZATION ALIGNMENT RANGE + 20'

ANTENNA AUTOTRACKING

ANTENNA STEERING IN AZ + 90O

ANTENNA STEERING IN EL I f 60°

LOCK-IN THRESHOLD, AS C/N IN PLL
BW - 100 Hz < 7 dB

THRESHOLD DEGRADATION DUE TO PHASE NOISE < I dB

MINIMIZATION OF ACQUISITION/REACQUIS. TIME

TAPE UNIT MEMORY CAPACITY 40 MBYTES

TOTAL TAPE DUTY CYCLE 6 DAYS

OVERALL STATION MASS 4.9 TONS

OVERALL STATION POWER CONS. 10.9/20.9 KW

5.3 OPERATING HODES

Italsat propagation station has five operating modes, as indicated in the flow diagram of Fig. 5.6.
In stand-by, alarm and calibration modes, the acquisition of data can be operating, but the acquired
data are not considered valid, as far the propagation experiment is concerned.
In stand-by mode, the station is on, accepting manual commands for the determination of its
configuration, to be used in data acquisition modes or in calibration mode,

For the data acquisition modes it is possible to set the selection of the lock on beacon Bo, or beacon
81, or beacon 92, the AF and IF switch matrices operating conditions, the redundancy configuration, the
antenna pointing in stand-by and so on.
Data acquisition modes are divided in normal mode, with all channels/chains nonmally operating, and back
up mode (following a failure of the satellite or station), which in turn can be subdivided in partial
data acquisition or degraded data acquisition ol ration, with diffcrent station configurations,
depending on the type of failure and consequent recn, ry action.

Alarm mode arises whenever there is a satellite beacon(s) failure, or very deep fade, or station
failure; it includes also the transient phases related to the beacon frequency and antenna tracking
acquisition,
Depending on the type of alarm, the station ran return to the data acquisition modes either in automatic
wa, (at the end of alarm condition, or by possible reconfigurations), or manually through the stand-by
mode.
Calibration mode is constituted by two off-line operations: antenna calibration and RX chains
calibration, performed in general by mans of manual comeands.

Antenna calibration is performed In condition of clear sky, about every month (following the
experimenter choice), with the duration of one day; during the antenna calibration, it is possible to
use a reference auxiliary horn, for what concerns the X-polarization error. RX chains calibration can be
performed in any weather condition, with a duration of about 1.5 hours, by disconnecting the antenna and
injecting the signal of a built-in calibrated satellite simulator into the RF Front End; the repetition
time of RX chains calibration Is about three days.

All parameters measured and recorded during the calibration mode are properly processed, In order to
prepare end provide the correction data, to be used during the acquisition modes for the on-line arrors
correction.

I
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6 A FURTHER STEP UP TO 100 I iz AND AIOVE

Pushing the frequency to higher values than those of Italsat, a new step is envisaged in the SAT2
project, in the field of atmospheric propagation experiments (see Table 3.1 for the related beacon
frequencies).

The main characteristics of the on board payload are the following:
threo coherent beacon frequencies at about 44.5, 89 and 133.5 GHz (Bo, BI and 92);
linear polarization for Bo and 92 beacons; polarization switched between the two orthogonal linear
components for beacon 91;
european coverage with half power bea• idth of 2.8" and boresight intersection in the point 47N of
latitude/7,'E of longitude, beinq the satellite positioned at 7.5E of longitude along the geosta-
tionary arc.

For what concerns the receiving station, It can be derived from the lta'sat one.

The modifications on the Italsat station to adapt its characteristics for propagation at 44.5/69/133.5
GHz consist mainly in a now development of the antenna, with an aperture diameter probably in the range
I to 1.5 meters, the use of suitable low noise devices for the RF Front End and suitable frequency
generation circuits for local oscillators.

In particular at 44.5 Giz a LNA with noise figure of 5 dB about could be envisaged, using HENT devices,
whereas at 89 and 133.5 GHz it is probably preferable a solution with direct input mixer, followed by
LA at lower frecuency.
Minor modifications could be addressed to the analog receiving section at frequency lower than 4 GHz and
to the digital section; for instance, a PLL double sided noise bandwidth of 150 Hz should be defined
instead of the 100 Hz of Italsat, to cope with the expectod phase noise spectrum.

7 CONCLUSION

The propagation experiments using the Olympus and Italsat payloads are the continuation of previous
programs, Intended for preparing the implementation of future communication systems in new Extremely
High Frequency Bands.
These experiments appear to be properly phased with the planning for Satellite Comunicatiun Systems
both for Military and Civilin Applications which are expected to come in operations in the next decade
and after.

The measurements wt'l require sam few years for reliable data gathering and will provide to the System
Designers valuable data foe link performance predictions.
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DZSCUBSZON

6. RON
It would be potentially useful to correlate meteorological satellite data on clouds with
the measured channel distortion in the 1 GHz bandwidth for the satellite-to-ground path.
If high correlations are observed, then meteorological satellite data can be used to
predict distortion on satellite paths which are not so well instrumented as the ones you
have described. Do you plan to compare meteorological satellite cloud data with your
measured distortion data?

AUTHORI8 REPLY
At the moment this is not considered (only local meteorological sensors are foreseen).
The suggestion appears, however, very interesting and should be considered for implemen-
tation. This would be, however, contingent upon cooperation among the various partici-
pants in the experiments. As an example, the data gathered by the various stations
should be available and compatible for subsequent common processing with meteorological
satellite maps.

6. ]RON

Can you communt on how you selected 5 years as the duration of the experiment over which
you will gather the propagation statistics.

AUTMOR'I REPLY
The stringent continuity of service requirements for operational systems require reli-
able propagation statistics; therefore, multiple year experimental data are needed.
The 5 year duration for these experiments is derived from other investigations where
significant differences of propagation statistics have been observed each year.
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SUMMARY

A summary of the recent improvements, modifications, and updates to ,he LOWTRAN 7 atmospheric
transmittance and radiance computer program will be given.

There have been some significant changes to the LOWTRAN model in the latest version, LOWTRAN 7,1,2 that
affect the manner In which the basic -! i'iospheric transmittance and radiance calculations are performed as well as
providing the user with greater flexiblil'" ind more capabilities. The LOW'TRAN 7 code now calculates atmospheric
transmittance, atmospheric background radiance, single-scattered and earth-reflected solar and lunar radiance, direct
solar Irradiance, and multiple-scattered solar and thermal radiance. The spectral range of the code has been
extended from 0 to 50,000 cm- 1 (I.e,, 0.2 pm to Infinity) at a spectral resolution of 20 cm-1. The program can cope with
any observer/target geometry and can Include the effects of molecular, aerosol, fog, rain, and cloud absorption and
scattering. Some of the basic changes to LOWTRAN 7--In particular the Introduction of new molecular absorption
transmission functions and separating the transmittances due to CO2 , N2 0, CO, CH 4 and 02 (previously assumed to
have a combined effect)--will give rise to differences In the transmittance and radiance calculations (compared to those
obtained with LOWTRAN 6) depending on the observer/target viewing geometry and spectral region.

The dual purpose of this paper Is to Indicate how the new changes to LOWTRAN 7 affect atmospheric
transmittance and background radiance calculations for specific applications. We will concentrate on both high-
altitude, long-range and low-altitude, moderate-range scenarios and will show the impact that the recent changes to
LOWTRAN 7 have made on the short, medium, and long wavelength infrared atmospheric attenuation and background
radiance, compared to calculations with
LOWTRAN 6.

1. INTRODUCTION

Since its conception, the LOWTRAN computer program has been used widely by workers in many fields of
atmosphere-related science, first as a tool for predicting atmospheric transmissions (LOWTRAN 23, LOWTRAN 34, and
LOWTRAN 3B1) and later for atmospheric background radiance and transmittance calculations (LOWTRAN 46,

LOWTRAN 57, and LOWTRAN 68) for any given geometry from 0.25/m to 28.5pm (I.e., from 350 to 40,000 cml). The
latest version of the computer code, LOWTRAN 7, version 3,b, was released in February of this year. With LOWTRAN
7, the wavelength range has now been expanded to cover from 0.2pn In the ultraviolet to the millimeter wave region
(0-50,000 cm-i). The computer program was designed as a simple and flexible band model that will allow fast,
reasonably accurate, low-resolution atmospheric transmittance and radiance calculations to be made over broad
regions of the spectrum for any required atmospheric path geometry, LOWTRAN 7 includes all of the important
physical mechanisms (with the exception of turbulence) that affect atmospheric propagation and radiance. LOWTRAN
has proveu valuable for the development and evaluation of many optical systems working in ultraviolet, visible, and
Infrared parts of the spectrum, and the latest version of the program, LOWTRAN 7, now provides even more
capabilities to the user.

We will briefly review the status and capabilities of LOWTRAN 7 and go on to show the effects these changes
have on atmospheric transmission and radiance calculations (compared to those of LOWTRAN 6) for different
scenarios In the ultraviolet, visible, 3-5pmp, and 8-14pm regions.

2. FUNDAMENTALS OF LOWTRAN 7

The LOWTRAN 7 computer program allows the user to calculate the atmospheric transmittance, atmospheric
background thermal radiance, single-scattered and earth-reflected solar and lunar radiance, direct solar Irradiance,
and multiple-scattered solar and thermal radiance at a spectral resolution of 20 cm-1 in steps of 5 cm- 1 from 0 to 50,000,
cm'1 ; I.e., for wavelengths In excess of 0.2pm. The total atmospheric transmittance Is treated as the product of the
individual transmittances due to:

1. molecular absorption
2, molecular scattering
3. aerosol, fog, rain, and cloud extinction (scattering and absorption).
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The transmittance due to molecular absorption is further subdivided into more components and is now
calculated as the product of the ,.3parate transmittances due to:

1. H20, 03, C02, N2oU, CO, CH4, 02, NO, NO2, NH3, S02, HNO3
2. H20 conlinu 1-1 (over the entire spectrum)
3. N2 continuum (in the 2000-2700 cm-1 region).

A selcction of atmospheric aerosol models is given in LOWTRAN 7; these are divided into altitude regions
correspotding to the boundary layer (0-2 kin), troposphere (2-10 km), stratosphere and upper atmosphere (10-120
km). The boundary layer models include Rural, Urban, Maritime, tropospheric, a Navy Maritime, and a desert aerosol.
Ren)resentative aerosol models also are included for the troposphere and upper atmospheric regions. Two fog models
are included together with a selection of rain and cloud models. The user also has the option to substitute other
aerosol models or measured values.

The six reference atmospheric geographical and seasonal models for tropical, midlatitude summer and winter,
subarctic summer and winter, and the U.S. Standard Atmosphere, which provided temperature, pressure, and H20,
and 03 concentrations as a function of altitude from 0 to 100 km in LOWTRAN 6, have now been extended in
LOWTRAN 7 to Include density and N20, CO, and CH 4 mixing ratio variability with altitude. 9,10,32 The remaining six
molecular species are each described by a single vertical profile. When adding meteorological data to LOWTRAN 7,
the user is given much greater flexibility in the choice of units that will be accepted by the program. Spherical earth
geometry is assumed, and refraction and earth curvature effects are included In the atmospheric slant path
calculations.

3. NEW FEATURES IN LOWTRAN 7

Some examples of the important additions and modifications to LOWTRAN will be discussed here. All of the
previous capabilities and user options contained in LOWTRAN 6 have been retained.

A broader spectral coverage (0-50,000 cm-1) is now possible with LOWTRAN 7 after the extension of the various
molecular, aerosol, and hydrometeor spectral absorption and scattering models to shorter wavelengths in the UV and
higher wavelengths in the IR and millimeter wave regions. Two examples of this are given in Figs. 1 and 2. Figure 1
shows the transmittance from 10 km altitude to space (zenith viewing) plotted on a logarithmic wavelength scale from
0.2 pm to 1000 p•. It can be seen from Fig. 1 that relatively high atmospheric transmittances are possible at the far
infrared wavelengths for atmospheric path geometries that lie above most of the water vapor contained in the earth's
troposhere. At sea level the picture is quite different and, as can be seen in Fig. 2, far infrared radiation is propagated
only over very short distances.

The 20 cm- 1 spectral resolution, chosen for LOWTRAN from its conception, was thought to be practical for most
broad band applications In the visible and IR. However, if we look at the corresponding resolution in micrometes, AX,
(see Table 1) we will see that it corresponds to a progressively coarser resolution as one proceeds further into the
infrared and millimeter wave region. Conversely, at the shorter wavelengths the corresponding resolution, AX,
Increases rapidly, and is probably adequate for most sensors at the UV end of the spectrum. For example, at a

waivelength of 0,2 gm (or 2000 A) the corresponding resolution of LOWTRAN 7 is equivalent to 0.8 A.

Table 1, Spectral Resolution of LOWTRAN 7 In Terms of Wavelength (lm) Corresponding to 20 cm"t

clAmF1 .2 .5 1 2 5 10 20 50 100 1000 10,000

AA (JAM) 8Xt0-5  5X10-4  0.002 0.008 j0.05 0.2 0.8 5.0 20 2000 2x105

*m 1  50,000 0.00 10 000 2000 1000 S00 200 100 10 1

Av(cm"i) 20 20 20 20 20 20 20 20 20120 2-1 1- - 1 _- --L-_L 2 _L/ __ 2
3.1 H2 0 CONTINUUM

The H20 continuLum In the 7-14 p.n region has been updated from that used In LOWTRAN 6. The H20 self-
broadened absorption coefficients in this region have been reduced by approximately 20%, based on laboratory
measurements of Burch al al.11.12 and the atmospheric field measurements of Devir et al. 13 With this correction both
LOWTRAN 7 and the line-by-line computer code FASCOD2 are consistent with each other.

An example of the improvement that the correction above has made can be seen from Fig. 3, which shows the
calculated transmittince for a 8.6 km path at sea level with LOWTRAN 6 and LOWTRAN 7 compared to a low-
,esolutlon CVF transmlssometer measurement by Devir et al.13 In the 10 AM region.

There aro still some outstanding Issues to be resolved with the H20 continuum. In particular, the validity of the
temperature extrapolation to low temperatures needs to be verified.

3.2 UV AND VISIBLE

In extending the wavelength range of LOWTRAN 7 to 0.20 pm In the ultraviolet, 02 absorption due to the
Ilerzberg continuum and part of the Schumann-Runge band has been Included, 14-18 together with an extension of the
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03 Hartley band from 0.25 pm to 0.2 jum. The absorption coefficients for the Hartley and Huggins 03 bands also have
been updated using more recent, higher-resolution data1 9-22 including quadratic temperature-dependent termn'. A
detailed discussion of the origin of the near UV measurements used in LOWTRAN 7 and their uncertainties is given in
a companion paper by Anderson et al.23 In these proceedings and will not be repeated here.

3.3 TRANSMISSION FUNCTIONS

One of the major differences between LOWTRAN 7 and LOWTRAN 6 lies in the transmission functions. Both
computer codes assume a single parameter band model to describe the molecular absorption component of the
atmospheric transmittance, but the models are quite different.

For LOWTRAN 68 and all previous versions of the program3-7 the atmospheric molecular constituents were
separated into 6 groups: (a) H20, (b) 03, (c) the uniformly mixed constituents CO2 , N20, CO, CH 4 and 02, (d) H20
continuum, (e) the nitrogen continuum, and (f) UV and visible 03.

For the first three groups, it was assumed that the average transmittance over a 20 cm-1 interval was given by an
expression of the form,

?(v) = J[c(v)Y/'] I1

where f the transmission function, C(v), the spectrally varying absorption coefficient, and the parameter, n, were
determined from laboratory transmittance measuremenTs for each absorption band of the gases above over the
infrared portion of the spectrum (0.8- 28.5 pjm). The parameters U and P represent the quantity of absorber and
effective atmospheric pressure for a unit path length. The quantity Upn Is the "effective absorber amount" for the
atmospheric path. The transmission functions for each of the components (a), (b), and (c) above were thus determined
empirically and based on averages of transmittance measurements taken over many absorption bands.

In LOWTRAN 7 a different approach was takan, which was developed by Pierluissi and Maragoudakis. 24 For
this approach, a double exponential transmission function was assurrmed where the average transmittance over a 20 cnr'
spectral interval was given by:

?(v) = cxP[-c( )U(P/ P /@ IT)"' "(2)

where the parameters C, a, m, and n were determined from line-by-liine calculations using FASCOD2 25 with the
HITRAN86 26 molecular line parameter data base where the results were degraded in resolution to 20 cm- 1 (full width
at half maximum). Average values of a, m, and n were determined for discrete spectral regions for each of the
following molecular species: H20, C0 2, 03, N20, CO, CH 4 , and 02 as well as the trace gases NO, NO2, NH3 and
SO2 . The spectral intervals for which the new band model constants were determined for each of the molecules above
are given in Table 2.

Table 2. Summary of Spectral Regions Over Which New Molecular Absorption Band Model PararmoPrs Are Defined

ABSORBER SPECTRAL RANGE (crn
1
)

WATER VAPOR IH2 0) 0-17060

OZONE (03) 0.200. 515.1275, 1530.2295, 26703260, 13000-24200. 27500-50000

I)NIFORMLY MIXED GAS.

CAR"N DIOXIDE (CO2) 425.1440, 1805.2855, 3070-40•., 4530.5380. 5905-7025. 7395-7785. 8030-8335. 9340.9670

NITROUS OXIDE (N20) 0.120, 480.770. 8S-995, 1045-1385, 1545-2040, 2090-2655. 2705,2865. 3245.3925. 4260,4470. 4540.4785,
4910,5165

CARBON MONOXIDE (CO) 0.175. 1940-2205, 4040-4370

MEHAtWIE (CH4  1065-1775, 2345.3230. 4110-4690. 5865-8135

OXYGEN(02) 0,265. 7650.8080. 9235-9490, 12850.13220. 14300-14600. 15805-15955

TRACE GASES

NITRIC OXIDE (NO) 1 700-2005

NITROGEN DIOXIDE (NC2I ,50-925, 1515-1695. 2800-2970

AMMOONIA (NH3 ) 0.2150

SULPHUR DIOXIDE (SO2) 0-185, 400.650, 050,1480. 2415-2 00

Separate transmission functions are used for each of the molecular species in LOWTRAN 7, allowing the user
the option of varying the relative mixing ratios of the gases, which was not possible with LOWTRAN 6 and its
predecessors. Treating the transmittances of each molecule separately should also improve the accuracy of
LOWTRAN In overlap regions between strong absorption bands of different molecules: e.g., C02 and N20 in the 4.5
pUm region.

3.4 AEROSOL MODELS

The aerosol, fog, rain, and cloud model absorption and scattering coefficients in LOWTRAN 6 were extended to
the millimeter wavelength region. In addition, the Navy Maritime aerosol model was modified to improve its wind
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speed dependence for the large particle component. The background Giralosphenc model also has been updated to

utilize more recent refractive index and size distribution measuruments.2
7

A new desert aerosol model has been added, which includes a wind speed dependence. 2 8 .2 LOWTMAAN 7 wil!

now modify the aerosol altitude profiles to account for elevated ground level cases. 33

The five cloud models contained in FASCOD2 25 have been added to LOWTRAN 7; these correspond 1o

cumulus. stratus, alto-stratus, stratocumulus, and nimbostratus. The al'alude and droplet density profiles for itheae

models are given in Fig. 4. Two new cirrus models with more realistic wavelength dependences and separale

scattering, absorption, and asymmetry parameters also have been incoporated into LOWTRAN 7 (see companion
paper by Shettle 3 l).

3.5 ALTITUDE PROFILES OF MOLECULAR SPECIES

LOWTRAN 7 now incorporates a set of model atmosphere temperature, pressure, and constituent profiles
compatible with FASCOD2. 2 5 ,3 2 While the maximum altitude of these profiles has been increased from 100 to 120
km, the default specifications for the standard six cases is still 100 km. An example of the U.S. Standard Profiles is
shown in Fig. 5.

In previous versions of LOWTRAN 3 "8 we assumed the mixing ratios of the gases C02, N2 0, CO. CH4 and 02
were assumed to be invariant with altitude (and to be fixed at 330, 0.23. 0.01. 1.6, and 2.01 x 105 ppm, respectively). In
general, the new profiles can be significantly different; as can be seen from Fig. 5.

The mixing ratios of the gases N2 0, CO, and CH 4 at sea level used v.ith tle 1976 U.S. Standard Atmosphere
model are now assumed to be 0.32, 0.15, and 1.7, respectively. With LOWTRAN 7. the user has the capability of either
using the standard mixing ratio altitude profiles. 9. 1 0 .3 2 or substituting different ones.

3.6 MULTIPLE SCATTERING

The treatment of multiple scattering in LOWTRAN 7 has been a major addition to the computer code. An
adaptation of the two-stream approximation method has been used for each layer together with an adding method for
combining subsequent layers. A detailed description of this is given by Isaacs et al. 3 3 .3 4

In this approach the adding method is used at each layer boundary to determine the combined transmittance,
absorbance, reflectance and fluxes that include contributions from the entire atmosphere as well as reflected
components of the thermal and scattered solar or lunar radiance from the earth's surface and/or a cloud boundary.
This procedure is then repeated for each model atmosphere layer boundary from sea level to space (even though the
path line-of-sight requirad for a given calculation may be limited to a few layers). Thus, if the multiple scattering option
is selected, it involves a large number of calculations for every layer in the atmosphere, and, consequently, it will tako.
much longer for LOWTRAN 7 to run.

For the current version of LOWTRAN 7, the assumption of a plane parallel atmosphere was adopted for the
multiple-scattered contributions. This assumption does create some problems for radiance calculations where the
solar zenith angle exceeds 750 or 800. However, for solar zenith angles less than 750, we have shown that the plane
parallel atmosphere assumption used in LOWTRAN 7 agrees with more exact multiple-scattering codes to within 20%.

Some examples of multiple- and single-scattering calculations are given in Fig. 6 for a zenith-viewing observer
at sea level with the sun at 100, 600, and 800 from the zenith. Figure 6 shows the dependence of background radiance
on solar zenith angle in the 1 to 5 pm region for an upward-looking observer at sea level. Also shown in the figure is
the thermal radiance component (which is bounded by the 218K blackbody function, the temperature of which
corresponds to that of the first layer of the Midlatitude Summer Atmosphere in which the observer is located). The solid
curves to the left of the figure show the single-scattered solar radiance and the dashed curves above them indicate the
multiply scattered component for each of the solar elevation angles. It can be seen that the multiple-scattering
component starts becoming important only at the larger solar zenith angles for this geometry. The influence of
changing the (visual) meteorological range for a single solar zenith angle of 600 is shown in Fig. 7. Thus, the effect of
reducing the visual (meteorological) range has an effect similar to an increase in the solar zenith angle (see Fig. 6).
Figures 6 and 7 not only show the relative importance of single versus multiple scattering, but also the importance of
scattered solar radiation compared to thermal radiance in the short-wavelength infrared region, where the two
processes are in competition (i.e., 3-4 pm). Using the single-scattering option in LOWTRAN 7 in the LWIR (icng
wavelength infrared) region tends to overestimate the thermal radiance by only a few percent compared to the
multiple-scattering calculation for this scenario. Therefore, for many applications, the use of the single-scattering
option may be sufficient.

Some problems encountered with the application of multiple scattering are discussed in Section 6 below.

3.7 SOLAR IRRADIANCE FUNCTION

The extraterrestrial solar irradiance function has been updated in LOWTRAN 7 and is based on more recent
compilations of measurements by Van Hoosier et al.3 5 ,3 6 , Neckel and Labs 3 7 , and Wehli38 as well as those of
Thekeahera. 39 The new solar irradiance function covers the spectral region from 0 to 57,470 cm- 1 at a spectral
resolution of 20-100 cnr 1 , more nearly compatible with the molecular absorption parameters. Examples of the
differences between LOWTRAN 7 and LOWTRAN 6 calculations of the solar irradiance are shown in Figs. 8(a) and (b).
respectively. These figures show the solar irradiance at the top of the earth's atmosphere (upper curve) and the
attenuated solar irradiance at sea level (lower curve) with the sun directly overhead. The LOWTRAN 7 resut!s (F-o. 8•n
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reveal considerably more spectral structure than the earlier LOWTRAN 6 calculations below 0.6 gm (see Fig. 8b). In
addition, the LOWTRAN 7 results are a little higher and exhibit a more rounded peak irradiance between 0.5 and 0.7
Am than those obtained with LOWTRAN 6.

4. LOWTRAN 6 AND LOWTRAN 7 COMPARISONS

Some examples are given, which show the influence that many of the basic changes incorporated into
LOWTRAN 7 will have on atmospheric transmittance and radiance calculations for specific scenarios, compared to
calculations with LOWTRAN 6 and FASCOD2 (for some cases) where the FASCOD2 line-by-line calcu!ations are
degraded in resolution to 20 cm-1 (full width at half maximum).

Figure 9 shows the atmospheric transmittance for a vertical path to space from sea level in the 3-5 pm and 7-14 mrn
regions calculated with LOWTRAN 6, LOWTRAN 7, and FASCOD2 (assuming a Midlatitude Summer Atmosphere with
no aerosol attenuation).

For this case, the three models are in generally good agreement with LOWTRAN 6 giving slightly higher
transmittance values in the 3-5 pm region and somewhat lower values in the 8-12PM region compared to
LOWTRAN 7. A closer examination of the figures shows that there are some spectral regions (e.g., 3.4-3.8 p/m) where
the LOWTRAN 6 calcuiations are in better agreement with FASCOD2 than with LOWTRAN 7.

Simpar results are seen in Fig. 10, which gives the atmospheric transmittance for a 10 km horizontal path at sea
level in the 3-5 pm and 7-14 pm regions, again assuming the Midlatitude Summer Atmospheric model with no aerosol
present. One might also note that the LOWTRAN 7 and FASCOD2 calcuations on the long wavelength edge of the
4.3 pm CO2 band indicate a wider absorption region than LOWTRAN 6, whereas on the short wavelength edge of the
band the FASCOD2 transmittance does not fall off as rapidly as the LOWTRAN 6 or 7 results (see Figs. 9 and 10).

Next, the results of the three transmission models are compared for a high-altitude, long-range scenario. Figure
11 shows the transmittance for a 500 km slant path from 10.97 km altitude to 4.57 km assuming the U.S. Standard
Atmosphere. For this scenario the atmospberic path reaches a tangent height (lowest altitude) of approximately 2.9
km. It should be noted that the scales on Figs. 11 (a) and (b) are different and that the peak transmittance value in the
4.7 pm region is an order of magnitude less than the corresponding peak in the 8-12 pm region. In the 4.7 pm region,
the LOWTRAN 7 results lie between those of FASCOD2 and LOWTRAN 6, with LOWTRAN 6 overestimating the width
of the transmittance spike. On the short wavelength edge of the band, LOWTRAN 6 overestimates the transmittance
compared to LOWTRAN 7 and FASCOD2, which is the reverse of what was seen for the examples given in Figs. 9 and
10. In the 8-12 pum region, the results given in Fig. 11 are similar to those of Figs. 9 and 10, namely, that in the
10-12 /um region the LOWTRAN 7 transmittances are lower than those calculated by FASCOD2 whereas between 8
and 8.5 pm they are higher.

Figure 12 provides some insight as to the dominant attenuation mechanisms in the two wavelength regions, for
the 500 km path scenario discussed in Fig. 11. In the 7-14 pm region, Figs. 12 (c) and (d), it is apparent that the H20
continuum and 03 absorption dominate the transmittance level. The influence of H2 0, C0 2, N20, and CH 4 line
absorption, which also controls the edges of this window region, also is shown in Fig. 12 together with the aerosol
extinction contribution.

In the 4-5 pm region, the interaction of the competing mechanisms, which gives rise to the transmittance spikes
shown in Fig. 11(a), is more complex, as can be seen from Figs. 12(a) and (b). The width of the absorption region
around 4.2 pm is controlled mainly by the nitrogen continuum on the short wavelength edge and a combination of
CO2, N20, and the nitrogen continuum on the long wavelength edge. The role of the H20 continuum, H2 0, C0 2, and
N20 in shaping the outer edge of the 4.7 and 4 pm spikes also can be seen from Figs. 12(a) and (b).

5. PROBLEM AREAS

LOWTRAN 7, as released in February 1989, is undergoing a continuing validation, particularly by its expanded
user base. There is a commitment to verify and correct problems, with full notification to all known users. Because of
the newness of the code, the first set of errata have not been finalized. Some potential problem areas include:

1. An opacity test which defines zero ttransmittance as exp(-20), i.e., optical depths greater than 20,was used in
LOWTRAN 7 which is not recognized as valid. This has a negligible effect ;n most spectral ranges but can lead to
discernible 'ontarnination for very large opacities in the UV spectral range. This exponential test can be reset to any
larger value compatible with the users computer. Caution should, therefore, be taken when using the original version
of LOWTRAN 7 in the ultraviolet solar blind region for background radiance calculations in the lower atmosphere. An
example of this Is shown in Fig. 13 for the downwelling radiance in the 0.20 - 0.3 jm region, calculated for an observer
at sea level looking upward with the sun overhead. For this scenario the background radiance level should be orders
of magnitude less than given in Fig. 13.

2. Over a portion of the extraterrestrial solar irradiance data compendium used in LOWTRAN 7 the number of
significant figures tabulated by WehrlI 38 reduces to two at the longer wavelengths (extendina to the mid-infrared
region). Consequently, the solar irradiance function can exhibit a 3% step discontinuity in the mid-IR region..

3. The multiple-scattering algorithm within a single layer may encounter boundary definition incompatibilities; in
addition, the solar multiple scattering calculations are not correct for zenith angles larger than 800.
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Corrections for the above problems are currently available or under development. Users are encouraged to
communicate directly with LW. Abreu, AFGLIOPE, Hanscom AFB, Ma 01731 concerning any questions related to
LOWTRAN 7.

6. FUTURE PLANS

A higher-resolution band model option for LOWTRAN 7 is currently being tested and evaluated. This model,
which is called MOUTRAN, will enable the user to make calculations at selected resolutions, within certain constraints,
up to a maximum resolution of 2 cm-1.

7. CONCLUSIONS

Examples of the differences among LOWTRAN 6, LOWTRAN 7, and FASCOD2 calculations were given for
some typical low-altitude and high-altitude scenarios. In general, LOWTRAN 7 atmospheric transmittance calculations
will be more optimistic in the 8-14 pim region and a little more pessimistic in the 4-5 gm region than those of LOWTRAN
6. The corresponding LOWTRAN 7 atmospheric background radiance values will be lower than those calculated with
LOWTRAN 6 in the 10 g.m region (due to the reduced H20 continuum in that region.)

There were some instances in which the LOWTRAN 6 calcuations agreed more closely with those of FASCOD2
than LOWIRAN 7. The reason for this is probably due to the smoothing of the FASCOD2 calcuations in fitting results
to the double exoonential transmission functions used in LOWTRAN 7, but we assume the FASCOD2 results to be
correct.

The interaction of the different mechanisms that shape the 3-5 pm and 8-12 pm transmittances windows are
quite complex and depend very much on the observer/target viewing geometry. For many long range scenarios at
high altitude where the path geometry does extend to lower altitudes in the troposphere, the effects of the H20
continuum in the 8-14 pm and both the H20 and the N2 continua in the 3-5 pm region can still play a dominant role in
shaping these window regions.

It is difficult to make general statements concerning single versus multiple scattering. For upward viewing
geometries, we find that, at the longer wavelengths where the thermal emission dominates, the single-scattering
algorithm gives slightly higher radiance values than the multiple-scattering algorithm, but for many applications the
differences are small. At wavelengths below 4 pm where solar scattering is greater than the thermal emission, the
multiple-scattering component (due to scattered solar radiation) is always higher than that calculated by the single-
scattering option. The magnitude of the difference depends on the relative solar/observer viewing geometry. For
downward-viewing scenarios, the radiance due to ground reflections of solar radiation can be dominant in
2-4 ,m region.

Both the extension of LOWTRAN 7 to 0.2 pm and the inclusion of multiple scattering will greatly enhance its use
in the UV region of the spectrum for many applications. The extension of LOWTRAN 7 into the millimeter region of the
spectrum will enhance its application for earth/atmospheric heat budget calculations and other LWIR calculations.
However, because of the 20 cm-1 resolution, which has been preserved, LOWTRAN 7 will not provide a useful tool for
millimeter wave atmospheric transmittance calculations; FASCOD2 can be used over these spectral ranges. A higher-
resolution version of LOWTRAN 7 (to 2 cm-1 ) is currently being evaluated and will permit users greater flexibility.

Many more options are currently available in LOWTRAN 7, which allow the user to vary independently the
concentrations of the individual molecular gases and their altitude dependence, as well as constructing specific model
atmospheres, with selected combinations of meteorological conditions, aerosols, clouds, and solar orientations for a
given target/observer geometry.

Work will continue to validate LOWTRAN 7 against field measurements made under known atmospheric
environmental conditions.

Comments, concerns, and questions on LOWTRAN 7 can be addressed directly to:

L.W. Abreu
AFGL/OPE
Hanscom AFB, MA 01731, U.S.A.
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SUMMARY

Reconnaissance, surveillance, target acquisition, communications, and weapon sys-
tems are becoming more sophisticated and are becoming more dependent on the propagation
of electromagnetic or acoustic energy through the atmosphere. Weather and battle
activity will constantly change the atmospheric conditions and hence the propagation
environments when the systems are employed, The effects of these changing propagation
environments must be understood for optimum system design, assessment of system per-
formance, development of countermeasures, development of tactics and doctrine, and
development of decision aids. In 1978 the U.S. Army Atmospheric Sciences Laboratory
(ASL) began the development of the Elvctro-Optical Systems Atmospheric Effects Library
(EOSAEL) in order to quantify some of the battlefield atmospheric effects. EOSAEL has
had several releases, and the latest, EOSAEL 87, contains 26 modules that can be
separated into six generic classes: (1) gases, (2) natural aerosols, (3) battlefield
aerosols, (4) radiative transfer, (5) laser propagation, and (6) target acquisition and
system performance. Combining information on weather and battle activity with an under-
standing of atmospheric effects has allowed ASL to produce tactical decision aids (TDAs)
for many friendly and threat electro-optical systems. This developmental software Is
scheduled to be fielded on the Integrated Meteorological System (IMETS).

1. INTRODUCTION

Weather has always played a decisive role in warfare and, combined with the smoke,
dust, and obscurants induced by battle activity, will continue to do so on future bat-
tlefields. The modern day battlefield will be filled with sophisticated reconnaissance,
surveillance, target acquisition, communications, and weapon systems that exploit some
part of the radiant energy spectrum. The full spectrum of radiant energy spans some 25
orders uf magnitude from very low frequency acoustic energy at 1 Hz to hard gamma rays
at 1025 Hz. The human eye sees only in the very narrow band around 5.4 x 1019 Hz
(wavelengths between 0.4 and 0.7 pr). Electro-optical (LO) systems have been built that
extend the observer's capability into the Infrared (IR), and even into the millimeter
wave (MMW) region. Other ED systems enhance the capability of the observer to see under
low light-level conditions. Radars function from the ultraviolet region using lasers
(when lasers are used in this mode they are called lidars) to 300 MHz. Communications
systems extend from the visible region, primarily using lasers, through the audio
frequency region (approximately 10 Hz to 20 kHz). Acoustic sensors utilize the region
from 1 Hz to about I kHz. The propagation environment through which the energy
associated with or sensed by the various military systems travels is constantly changing
and frequently is the determining factor in whether or not the systems perform
satisfactorily.

The propagation environment is one of five parts in the target acquisition and
smart weapons utilization picture that must be solved if advanced sensors and systems
are to be utilized in the airland battle. The other parts are backgrounds, signatures,
sensors and their platforms, and man-machine interfaces and automated analyses. The
signal-to-noise (SIN) ratio is a major consideration in minimizing the false alarm or
false target rate. If the backgrounds and propagation envlrqnments were uniform, then
high SiN ratios could be routinely achieved. Unfortunately uniform conditions rarely
exist, and the conduct of battle quickly increases clutter and obscuration.

2. SMART WEAPONS

Smart weapons (or the equivalent term, precision guided munitions) have the
capability to search, detect, discriminate, select, and precisely engage a wide variety
of ground and air targets. They employ rockets, missiles, or projectiles that may be
fired from a variety of launch platforms (such as. tanks, armored combat vehicles,
artillery, and helicopters) or delivered to the target vicinity by an aerial vehicle,
ground robot, or other means. They may include submunitions that are dispersed from a
carrier. Target engagement may be by either a guide to intercept (hit-to-kill) concept,
or It may require the munition to aim and fire a warhead from a stand-off location
(shoot-to-kill). Smart weapons may either require operator assistance as with a command
guided system or be automatically guided by self-contained subsystems. There are
currently three classes oF smart weapons: (1) guided munitions, (2) smart munitions, a
and (3) brilliant munitions.

Guided munitions are characterized as one-on-one systems that require an operator
I$n thi loop either tar target selection, as in the case of lock-on-before-launch, or for
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assistance in guidance. Each munition is directed to a specific target by the operator
or gunner. This procedure requires a line of sight (LOS) between the operator (or the
sensor being used by the operator) and the target.

There are four principal forms of guidance: (1) command guidance. (2) beam rider
guidance, (3) homing guidance, and (4) inertial guidance. In command guidance the
target is tracked and the missile is directed to intercept. Informaton and guidance
commands are received and transmitted by the missile in flight via a data link (such as
wire, fiber optics, radio frequency, and IR). Examples include TOW and DRAGON. In beam
rider guidance the missile travels along an encoded beam that has been directed at7'-7"i
target. Ine missile receives a unique guidance code, which it decodes and uses to
maintain flight within the beam. In homing guidance the weapon homes In on a unique
signature of or on the target. This CUla bu Eheat generated by a tank engine or the
unique laser designation required for COPPERHEAD or HELLFIRE. In inertil i
preprogrammed information onboard the carrier is employed. This technique more ofen
used in long-range systems; however, it may be combined with other terminal guidance
techniques for increased capabilities.

Smart munitions, in contrast with guided munitions, have the self-contained
capabili ty to search for, detect, acquire, and engage targets without reliance on an
operator for specific target selection or terminal guidance. Autonomous operation is
achieved by utilizing self-contained sensors or seekers that receive electromagnetic
radiation emitted by targets and their surrounding environments. Smart munitions are
delivered to the target area by projectiles, rockets, or missiles, with each carrier
delivering from one to a few dozen munitions. By combining their autonomous operation
with the means to rapidly deliver large quantities of munitions, smart munition weapon
systems are most effective in the many-on-many situation. There are two types of smart
munitions: sensor-fuzed munitions and terminally guided munitions. Sensor-fuzed muni-
tions are designed for shoot-to-kill operations, normally from a top-attack position.
Once delivered to and dispersed over the target area, an onboard sensor begins to search
for targets. Upon detection, the sensor-fuzod munition immediately fuzes a lethal
mechanism, usually an explosively formed penetrator, and directs it at the target.
Terminally-guided munitions are hit-to-kill subsystems. They employ an onboard auto-
pilot and flight control devices to steer to the target. An onboard warhead, usually a
shaped-charge, is detonated upon impact.

Brilliant munitions are future systems that will combine the autonomous operation
of a-smart munition with enhanced navigation and target classification/identification
capabilities. They be may assigned a mission to find and engage a specified class or
type of targets.

A major consideration in the design of smart weapons is the environment in which
they must operate. Target acquisition is significantly degraded by most adverse
environmental conditions. Even in a benign environment, the signature of the target can
vary widely, depending on its operating status and location. Other environmental
factors that degrade acquisition include countermeasures, camouflage, and decoys
designed to prevent or hinder acquisition and other phenomena such as weather,
topography, and the clutter of battle. 1 2

3. ENVIRONMENTAL IMPORTANCE

Environmental factors can significantly affect the four basic tenets of airland
battle doctrine--initiative, agility, depth, and synchronization. Initiative means
setting or changing the terms of battle through action. Prediction of weather and
environmental effects support this tenet by providing the force commander with timely,
accurate information to assess the impact of environmental conditions on the battle-
field. Computer-assisted tactical decision aids (TDAs) can assist in describing these
impacts. Weather intelligence can indicate windows of opportunity within which the
commander may seize the initiative and take advantage of conditions that adversely
affect the enemy. Effective applications of environmental information will enhance the
ability of the force commander to bring the required forces and firepower to bear at the
optimum time and place on the battlefield. A ilit is the ability to act faster than
the enemy. The force commander's ability to c and exploit enemy vulnerabilities is
enhanced through knowledge of the effects of anticipated environmental conditions.
Depth is the extension of combat operations in space, time, and resources. Environ-
i entaI effects analysis and accurate weather predictions support the commander's
requirement to consider all environmental implications of the maneuver space. Accurate
prediction of environmental effects across the battlefield can assist the commander in
positioning his forces to maximize their ability to conduct operations while minimizing
their vulnerabilities. Conversely, prediction of environmental conditions favorable to
attack by enemy elements can significantly enhance preparedness across the battlefield.
Synchronization is the process of organizing combat activities in time, space, and,
purpose to delop maximum combat power from available resources. Accurate environ-
mental information enables the commander to better evaluate the capability of available
forces. In deep operations it enables the commander to decide where to attack, how to
detect the enemy, and when to deliver munitions. Accurate weather information can be
the key to synchronizing a variety of forces with differing operational capabilities.
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The importance of weather and environmental factors to all commanders will increase
as more sophisticated weapons are introduced to the battlefield. For example. EO
systems such as laser, television (TV), and IR systems and directed energy weapons may
operate at different wavelengths and have different sensitivities to adverse weather
conditions. Each system is, therefore, affected differently by environmental factors
such as temperature contrast of the target and background, humidity, dust, and smoke.
The commander who can best forecast future conditions and determine effects on opposing
forces will have a decisive advantage on the battlefield.

3

4. EOSAEL OVERVIEW

The Electro-Optical Systems Atmospheric Effects Library (EOSAEL) has been developed
to quantify the propagation environments expected on future battlefields. The history
of EOSAEL has been presented elsewhere.' The U.S. Army Atmospheric Sciences Laboratory
(ASL) started the development of EOSAEL in 1978, The latest version, EOSAEL 87,
contains 26 computer modules that can be separated into 6 generic classes: (1) gases.
(2) natural aerosols, (3) battlefield aerosols, (4) radiative transfer, (5) laser
propagation, and (6) target acquisition and system performance. 5  The 26 modules may be
used under the control of an executive driver or in a stand-alone mode. The philosophy
underlying the development of EOSAEL has been to include modules that give reasonably
accurate results with the minimum in computer time for conditions that may be expected
on the battlefield. This philosophy, along with the evolutionary nature of EOSAEL, has
resulted in some redundancy within the library. While minor updates to EOSAEL 87 are
planned, corrections for redundancy, upgrades of various modules, and expansion of
wavelengths to cover ultraviolet and acoustic systems will be incorporated in the next
edition, EOSAEL 92, to be distributed in early 1992.

Three modules for computing gaseous absorption are provided in EOSAEL 87. These
are LOWTRN, LZTRAN, and NMMW. LOWTRN calculates atmospheric transmittance, radiance,
and contrast due to specific molecules at 20 inverse centimeters spectral resolution on
a linear wave number scale in the wavelength region 0.25 to 28.5 Um.6  LZTRAN calculates
transmission through atmospheric gases for 97 laser lines in the wavelength region 0.5
to 11.0 Pm for slant or horizontal paths. 7  NMMW calculates transmission, backscatter,
and refractivitl due to gaseous absorption, fog, rain. and snow in the wavelength region
0.3 to 30.0 mam.

For naturally occurring weather conditions. EOSAEL 87 contains three modules for
transmission and statistical information. These are XSCALE, CLIMAT, and CLTRAN. XSCALE
determines the transmission in the wavelength region 0.2 to 12.5 Pm through haze and fog
for both monochromatic and broadband wavelengths over arbitrary horizontal and slant
paths and through rain and snow for horizontal paths.9 CLIMAT provides climatological
data in terms of averages (usually over 11 years) and standard deviations or percentages
of occurrence for 11 meteorological parameters (normally at a 2-m altitude) in each of
22 weather classes defined by onscuration type, visibility, absolute humidity, and cloud
ceiling. The data are for different regions of Europe, the Mideast. Korea, Alaska
Scandanavia, Central America, India, Southeast Asia, South America, and Mexico,1b
CLTRAN calculates slant path transmission in the wavelength regions 0.2 to 2.0 Prm. 3.0
to 5.0 Pm, and 8.0 to 12.0 Pm through six different types of natural clouds that have
been divided into stratiform and cumuliform groups under the assumption of horizontal
homogeneity and vertical variability in extinction coefficient.11

EOSAEL 87 includes seven modules to address battlefield-generated aerosols. These
are COPTERi, COMBIC, SABRE, KWIK, GRNAUE, FITTE, and MPLUME. COPTER accurately and
realistically describes the obscuration in the wavelength regions 0.4 to 0.7 Pm, 3.0 to
5.0 ue, 8.0 to 12.0 Pm, and 0.3 to 30.0 mm resulting from helicopter downwash when a
helicopter is operating near a surface covered with loose snow or dust. 1 2  COMBIC
calculates the size, path length, concentration, and transmission in the wavelength
regions 0.4 to 1.2 pm, 3.0 to 5.0 um, 8.0 to 12.0 pm, and 3 mm for smoke clouds of white
phosphorus, plasticized white phosphorus, hexachloroethane (HC), fog oil. and IR
screeners and for artillery or vehicular-generatud dust clouds.' 3  SABRE Is a variant of
COMBIC and calculates the effects of terrain for selected scenarios on windflow and
smoke clouds.'" KWIK computes the number of initial and sustaining rounds, fire inter-
val, and shall separations required to produce a smoke screen of specified length and
duration for eight inventory munitions. 1 GRNADE computes the obscuration produced in
the wavelength regions 0.4 to 1.2 um, 3.0 to 5.0 Pm. 1.06 um, 10.6 um, and 3 mm produced
by tube-launched LBAI smoke grenades used for self-screening applications.16 FITTE
calculates the LOS path-Integrated, particle concentration; transmittance in the
wavelength region 0.4 to 12.0 Pm between target and observer; and both the attenuated
thermal radiance from the target and the path radiance at the observer position for
fires and smoke plumes from burning vegetation and real or simulated vehicle fires. 11

MPLUME approximates the position and characteristics of missile smoke plumes and
calculates the degradation of designation systems. 1 6

* E0SAEL 87 contains nine radiative transfer modules plus the radiative transfer
, driver (RTD) and an aerosol phase function data base (PFNDAT). Tile modules are FCLOUO,

OVRCST. MSCAT, ASCAT. ILUMA, FASCAT. GSCAT, LASS, and REFRAC. RTD asks the user
questions about the scenario, including relevant radiative transfer parameters, and then
selects the radiat.ive transfer code that will best fit the described si tuation.19
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PFNUAT contains phase functions, extinction and scattering coefficients, and the single-
scattering albedo for 38 natural and man-made aerosols at 16 wavelengths ranging from
0.55 to 12.0 prm.

2 0  FCLOUO computes beam transmittance, path radiance, and contrast
transmittance through a homogeneous ellipsoidal cloud for any wavelength included in the
phase function file PFNUAT. OVRCST computes beam transmittance, path radiance, and
contrast transmittance along an arbitrary LOS under an overcast sky that is optically
thick.21 MSCAT calculates the energy from a laser beam that arrives at a detector as a
result of multiple scattering through an ellipsoidal aerosol cloud for wavelengths
included in PFNDAT. 2 2  ASCAT determines how much multiple-scattered radiation is
detected for laser and transmissometer configurations for wavelengths included in
PFNOAT. 2 3  ILUMA describes natural Illumination under realistic atmospheric conditions
that include clear skies, partly cloudy and overcast conditions, precipitation, aild
fog. Total illumination is comjputed as the sum of the contributions from the sun, the
moon, and the background sky.24 FASCAT utilizes fast computational techniques and
approximations for treating single- and multiple-scattered radiation under partly cloudy
conditions to compute path radiance and contrast at 0.55 and 1.06 um. 2 5  GSCAT
determines path radiance effects at visible wavelengths. 2 6  LASS determines the
effectiveness at visible wavelengths of large area smoke screens deployed at large fixed
and semifixed military installations. 2 7 REFRAC calculates the amount of curvature a ray
of light at wavelengths between 0.4 and 2.0 um experiences as it passes over a complex
terrain surface.2

6

Two modules in EOSAEL 87 address specific problems of the degrading effects of the
atmosphere on laser beam propagation. These are IMTURB and NOVAE. IMTURB provides
optical turbulence effects on propagation and imagery statistics for arbitrary slant
paths in the surface boundary layer of the atmosphere for wavelengths from the visible
through the ZR.29 NOVAE calculates linear and nonlinear effects on high-energy laser
beam propagation from clear air, smokes, and aerosols for visible through IR wave-
lengths.3

E0AEL 87 has two system performance modules. These are TARGAC and RADAR. TARGAC
evaluates the combined atmospheric and system effects to determine target acquisition
ranges as a function of the probability of detection or recognition for visible and IR
wavelengths. 3 1  RADAR calculates absorption and backscatter at millimeter wavelengths
(0.1 to 350 GHz) for rain, snow, and fog along the radar propagation path.3 2

5. HANDBOOKS

EUSAEL has been used to aid in the preparation of several handbooks describing
expected obscuration on the battlefield. In 1980 an ASL introductory monograph was
published to describe qualitatively the obscuration factors that affect EU systems. 3 3

In 1981 a smoke obscuration primer was published. 3 4  This was followed in 1985 with a
manual giving a convenient and concise reference for information on natural and combat-
induced obscuration.36 In 1986 the Combat Environments Obscuration Handbook was
published.36 Also in 1986 the standardization handbook, Quantitative DescrýipT'n of
Obscuration Factors for Electro-Optical and Millimeter Wave Systems, was published. 3 '
this latter handbook was published to -1) provide data and methodology for Army design
engineers to assess the effects of natural obscurants and battlefield-Induced con-
taminants on EO and MMW systeis, (2) provide the analytical community with information
to calculate system performance, and (3) indicate to the test and evaluation community
the effects that should be considered when a system is evaluated. In 1987 a primer on
target visibility was published.3 8  Also in 1987 a handbook was published to guide the
operational tester in incorporating battlefield obscurants into the testing process."9
Soon to be released will be the Smoke/Obscurants Handbook for the Electro-Optical
Millimeter Wave and Radar Systems eValoper. It will provide useful examples of the
raiFstic baTttletfT-TT--nvironmnt In nh"he sensors and systems must operate. This
informaticn will enable the materiel developer to make informed analyses and trade-
offs. The handbook will also provide guidance for assessment of sensors and systems In
realistic environments in developmental testing and a link between developmental testing
and operational testing when realistic battlefield envionments are to be specified.
Also soon to be released is the HandDook for Assessment of Smokes and Smoke
Screens." 1  This haidbook will provide standardized sets of defAtnTi ons, performance
crt Teria, and test methodologies. It will also identify questions and conclusions that
should be addressed in future development and applicatious of smokes and obscurants.

These handbooks give qualitative and quantitative descriptions of battlefield atmo-
spherics. (Battlefield atmospherics has been defined as the branch of atmospheric
sciences that deals with the presence of man-made as well as natural atmospneric condi-
tions over potential battlefields and the effects of such realistic envtronment• on
materiel, personnel, tactics, or operations.)l 2 Specific purposes for the handbooks are
listed In Table 1.
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TABLE 1. PURPOSES OF BATTLEFIELD ATMOSPHERICS HANDBOOKS

To provide data and methodology for Army system proponents and designers to assess
the effects of natural and battle-induced obscurants on EO components and systems.

To provide the analytic community with Information to calculate system performance
in obscured environments.

To indicate to the test and evaluation community the effects and levels of
obscurants that should be considered for system evaluation.

To indicate to the training and doctrine community the effects of realistic battle-
field environments on system deployment and the potential outcomes of conflicts in such
environments.

The 11 rules-of-thumb given in Table 2 have been developed to estimate the
effectiveness of smokes, obscurants, and weather on EU sensors. A reduction in
transmittance is not the only reason for sensor defeat. Other important sensor defeat
mechanisms include changes in illumination and contrast as well as attenuation of
contrast caused by the obscurant cloud, scattering of light from or emission by the
cloud, degradation of image resolution, and scene clutter. 4; 4h

TABLE 2. RULES OF THUMB FOR BATTLEFIELD ATMOSPHERICS

All conventional smokes (HC, fog oil, phosphorus, and anthracene) and dust at
anticipated levels will screen visible and laser designator systems on at least some
portions of the battlefield.

Phosphorus smokes and battlefield dust in large concentrations will screen thermal
viewers (3 to 5 and 8 to 12 um wavelengths).

Conventional smokes other than phorphorus are not effective in the IR region unless
large areas are screened so that lines of sight through these smokes are greater than
1 km.

Specially developed IR screeners will screen thermal viewers in areas where they
are employed. Likewise, specially developed obscurants can screen MMW and radar
systems. Visual systems may not always be screnned, unless conventional smokes are also
employed.

Top attack weapons offer an advantage over horizontal (ground level) line-of-sight
weapons In battlefield smoke and obscurant environments.

Smoke and obscurants, acting in concert with natural reductions in visibility, can
be much more effective than when used alone.

Natural reductions in visibility can defeat visual sensors (such as day sights,
direct-view optics, and day TV) and laser rangefinders.

Thermal viewers provide an advantage over visual sensors in haze, fog, and light
rain.

In very thick fog, as well as in snow, visual sensors and thermal viewers are both
degraded about equally In performance.

Haze, fog, light rain, and snow provide much less attenuation for MMW and radar
systems than for visual or IR systems; however, medium to heavy rain will adversely
affect MMW systems.

Atmospheric factors will have a tremendous impact on the amounts of smokes and
obscurants needed to effectively screen large areas.

6. TACTICAL DECISION AIDS ((DAs)

TDAs combine a knowledge of weather and battlefield-induced atmospheres and the
effects they produce into a form that can aid the combat commander in decision-making.
Weather-related TOAs have been developed and demonstrated as part of the AirLand
Battlefield Environment program, the MICROFIX topographic workstation effort of the U.S.
Army Forces Command, and proof-of-concept for the Integrated Meteorological System
(IMETS). The plan is for IMETS to fuse and predict weather information and to auto-
matically process the weather information into weather intelligence largely through the
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use of TDAs. 4 5  Both weather data and weather intelligence will be disseminated from
IMETS over the Army Tactical Command and Control System to automated systems throughout
the battlefield.

7. CONCLUDING REMARKS

To field test each new weapon system or sensor in all conceivable battlefield
weather conditions would be ideal; however, this procedure has been found both
impractical and uneconomical. The operation of ED and other similar "seeing" devices
follows a set of very predictable patterns, for example, Beers law of attenuation. By
using computer simulation programs (models), the systems developer can predict the
operational behavior of each of the sensing devices or weapon systems under varying.
weather conditions. Such a set of models may be found in EOSAEL. EOSAEL may be used to
aid in the production of handbooks necessary for field and modeling use. Also, using
EUSAEL in conjunction with handbooks and coupling these results with real-time wepther
have resulted in TDAs that will be operational with the fielding of the IMETS. IMETS
will provide battlefield weather effects depictions in an easily understood form,
automate reception of weather data from central facilities and local sensors, and fuse
weather data from all sources into a comprehensive depiction of the atmosphere. Thus
IMETS will provide battlefield commanders the ability to see the weather on the battle-
field and to utilize environmental conditions as a force multipler.
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Models of Aerools, Clouds and Precipltation for Atmopheric Propaaptio. Studies

Eric P, Shettle
AFGL/OPA, Hanscom AFB, Bedford, MA 01731-5000, USA

SUMMARY
This paper will review a number of models for the atmospheric aerosols, clouds, and precipitation and their effects

on the propagation of electromagnetic radiation at wavelengths from the ultraviolet through the microwave spectral
regions. The focus will be on the models developed at AFGL and elsewhere primarily for use in the atmospheric
propagation models LOWTRAN (Kneizys et al., 1983 & 1988) and FASCODE (Clough et al., 1986), but also will examine
other particulate models.

The scattering and absorption properties of the different particulate models will presented, Applications of the
various models will be discussed with recommendations on when it is most appropriate to use which aerosol or cloud
model. Sensitivities of calculated transmittances and background radiances to the different types of particulate models, will
be examined for a range of wavelengths.

1. INTRODUCTION
Propagation of electromagnetic radiation at optical/infrared frequencies through the atmosphere is affected byabsorption and scattering by air molecules and by particulates (e.g. haze, dust, fog, and clouds) suspended in the air.

Scattering and absorption by haze or aerosols becomes the dominant factor in the boundary layer near the earth's surface,
especially in the visible, and under reduced visibility conditions at all wavelengths. These atmospheric particles vary greatlyin their conicentration, size, and composition, and consequently in their effects on radiation.

This paper wil describ e hoptical & infrared propeies of the different types of particulates which are present in
the atmosphere and provide summary of the various models developed at AFGL and elsewhere. The physical
characteristics of the [ticulates which affect the propaation of radiation through the atmosphere will be considered. The
greatest emphasis willb on he atmospheric aerosols, since they exhibit the largest degree of variability in their nature and
properties. Further discussion of much of the material covered in this paper, particularly on the AFGL models, is given byFenn ct "l. (1985), and the references therein.

2. AEROSOLS
Figure 1 summarizes the general characteristics of the atmospheric aerosols. Aerosols in the boundary layer of 1 to2 kilometer thickness near the surface have the greatest variability. These aerosols consist of a variety of natural and man-

made chemical compounds, ino ranic as well as organic, Particles arc transported from their source regions into the
atmosphere, or maybe formed within the atmosphere by gas to particle conversion through chemical or photochemical
processes.

Since over two-thirds of the earth's surface is covered by oceans, the marine aerosol component, which consits
largely of sea salt solution particles and sulfates from the oxidation of dimethylsulphide (DMS) produced by the oceanc
phytoplankton, is the most prevalent aerosol source. The wind blown dust advected fro t he desert regions is most
important continental aerosol source. 'rable t oi ives a breakout of the global tropospohertic aerosolomposition. A recent
review of the physical and chemical properties othe atospheric aerosols is provided by Jaetmcke (8 8).

Fgr ure 1a - Ceharatersis tib of the atmospheric aerosols Table 1 - Estimated contributilo of diffeirnt soures
as a function of altitude, to atmospheric particulateh (tO' metric tons/year)
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2.1 Aerosol Models
A large number of aerosol models have been developed over the years describing the optical properties of the

atmospheric aerosols and their effects on the propagation of radiation. Table 2 summarizes the models, developed during
the last quirrer century, which were intended for general use. Some of these neglected variations in the types of aerosol for
different enviroumenes (Elterman and McClatchey et al.). Others did not specify the vertical distribution of the aerosols
(Deirmendjian) or only described aerosols for the boundary layer (the work of Hknel & Bullrich, of Nilsson, and of
d'Almeida & Koepke).

There have also been a number of different aerosol models developed to characterize the aerosol properties for a
secific environment. These are given in Table 3 for the Marine, Desert and Stratospheric aerosols, Other versions of

ese specific aerosol types are also incorporated into the more general models discussed above and in Table 2.

Table 2 -General Aerosol Models

MODEL COMMENTS

Deirmendjian (1964 & Attenuation Coeff. from Size Dist. & Ref, Index, for Continental, Maritime, &
1969) Stratospheric Aerosols, Clouds, and Rain

Elterman (1964, 1968, & Vertical Profile & Empirical Wavelengtlh Dependence
1970)
Ivlev (1967 & 1969) Vertical Profiles, Size Distribution, & Ref. Index for Mixed Composition

Aerosols

McClatchey et al. (1970) Vertical Profile (from Elterman) - Single Size Dist. & Ref. Index

Shettle & Fenn (1976 & Vertical Profiles (Seasonal & Volcanic dependence) - Rural, Urban, Maritime,
1979) Stratospheric, & Volcanic Aerosols - Size Dist. & Ref. Indices with Relative

Humidity Dependence

Toon & Pollack (1976) Boundary Layer, Tropospheric, & Stratospheric Aerosols - Size & Ref. Index -
Primarily for Climate Studies

Hinel & Bullrich (1978) Bot,ndary Layer Models - Size Dist. & Ref. Index with Relative Humidity
Dependence

Nilsson (1979) Various Boundary Layer Aerosols with Size, Composition, & Relative Humidity
Dependence

Kondratyev et al. (1981 & Vertical Profiles - Various Tropospheric & Stratospheric Aerosols - Size,
1983) Composition, & Relative Humidity Dependence

I A MA P / R a d i a t i o n Vertical Profiles - Tropospheric & Stratospheric Aerosols with Size & Ref.
Commission (1986) Index - Primarily Standard Models for Intercomparison of Radiation & Climate

Models

d'Almeida & Koepke Ten Different Types of Boundary Layer Aerosols with Size, Composition, &
(1988a & 1988b) Relative Humidity Dependence, specified on a 5'x5" global grid

JAble 3- Snecific Aerosol Models

MARINE AEROSOLS DESERT AEROSOLS STRATOSPHERIC
AEROSOLS

Barnhardt & Streete (1970) Joseph (1975) Pinnick, Rosen, & Hoffivann(1976)
Carlson & Caverly (1977) and

Hodges (1972) Carlon & Benjamin (1980) Turco et al, (1979) and Tooi,
et al. (1979)

Well, Gal, & Munn (1977) Shettle (1985) and Longtin, Brognicz & Lenoble (1987)
Shettle, & Hummel (1987 &1988)

Gathman (1983a & 1983b) Hummel, Shettle, & Longtin
d'Almeida (1987) (1988)

de Leeuw et al. (1989)
Gathman, et al. (1989)
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2.2 Bounday Layer Aerosols
The boundary layer aerosol models include those representative of rural, urban, maritime, and desert environments,

as well as fog models. Most of these models include a dependenc. on the relative humidity, and in the case of the maritime
and desert models a dependencz on the prevailing winds.

The effects of relative humidity become increasingly important as the atmosphere approaches saturation. For most
atmospheric aerosols there is little accretion of water for relative humidities below 70 to 80N , (for some nitrates the critical
relative humidity is as low as 50%, Pruppacher & Klctt, 1978). This means the relative humidity effects are most important
for the tropospheric aerosols where these relative humidities are frequently exceeded. The effect of increasing relative
humidity is for the particles to grow through the accretion of water, which also means a change in the composition and
effect refractive index of the aerosol particle.

The size distributious of atmospheric particulates are communly represented by analytic functions. The most
commonly used of these are the log-normal distribution:

dN(r) 2 N, [ (log r-log r)]
n(r)-- exp -- (1)d r I. n ( IO ) -r' 2x, 2 ,a,2 I

where N(r) is the cumulative number density of particles of radius r, o, is the standard deviation, r, is the mode radius, and
N, is the total number, for the Ph mode;
and the modified gamna distribution:

dN/dr - n(r) - a-ra exp(-bry), (2)

where a, a, b, and y are parameters defining the size distribution.

Typical characteristics and sizes for the boundary layer models are given in Table 4, where the size parameters refer
to the log-normal size distribution (eq. 1). The precise values of the parameters will change with variations in the relative
humidity, and in the case of maritime aerosols with variations in the wind speed and duration of time since the air mass was
over land (Gathman, 1983a & 1983b).

Table 4. Representative Sizes and Compnosition for Boundary Lever Aerosols

Aero.wl Model Size Distribution Type
N, r, '

Rural 0.999875 0.03 0.35 Mixture or Water Soluble
0.000125 0.5 0.4 and Dust-Like Aerosols

Urban 0.999875 0.03 0.35 Rural Aerosol Mixtures
0.000125 0.5 0.4 with Soot-Like Aerosols

Maritime
Continental 0.99 0.03 0.35 Rural Aerosol Mixture
Origin

Oceanic 0.01 0.3 0,4 Sea Salt Solution in Water
Origin

Tmpo"pherlc 1.0 0.03 0.35 Rural Aerosol Mixture

For desert regions, in the absence of vegetat!on to hold the surface particles in place, the size distribution can be
related to the prevailing wind velocities. Figure 2 shows the desert aerosol size distribution changes with wind speed for the
models of d'Almeida (1987) and of Longtin et al. (1988a & 1988b).

Given the size distribution and complex refractive index for the atmospheric aerosols their radiative propertie3 can
be determined from Mie scattering calculations. Figure 3 illustrates the extinction coefficients for the rural aerosol model
as a function of wavelength for several relative humiditiem. Figure 4 shows the angular scattering function (often referred to
as the phase function) for marine ae~osols for several wavelengths.

2.3 Stratopherl Aemosls
The aerosols normally present In the lower stratosphere (from the tropopause up to about 30 kin), are largely

sulfuric acid solution droplets. These are produced through photochemical reactions involving carbonyl sulfide (COS),
sulfur dioxide (SO,) and other gases (Whitten et al., 1980 and Toon & Farlow, 1981). The background stratospheric
aerosols are often perturbed major volcanic eruptions (such as el Chichon) which can inject significant amounts of SO and
volcanic ash into the stratosphere. The larger volcanic ash particles will settle out in a short period of time but the sulhric
add aerosols produced from the SO, will persist for several years, with a 1/e loss time of - 12 months,

Representative values for the vertical distributions of the aerosol extinction are shown in Figure 5 for moderate,
high, and extreme volcanic profiles in addition to the background conditions. Figure 6 illustrates the wavelength
dependence of the different stratospheric aerosol models.
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Figure 6. Extinction coefficients for the different Figure 7. Spectral dependence of the extinction
stratospheric aerosol models. The extinction coefficients for the different water clouds.
coefficients have been normalized to values near
peak levels for these models.

3. FOG & CLOUD MODELS
There are five water cloud models (Cumulus, Stratus, Stratus/Strato-Cumulus, Alto-Stratus, & Nimbo-Stratus)

which are included in LO)WTRAN (Kneizys et al., 1988) & FASCODIE (Clough ot al., 1986 & 1988). These are based on a
subset of the cloud models developed by Silverman and Sprague (1970), and discussed by Falcone el al. (1979) and Fenn et
al. (1985). They were selected in part to encompass as wide a range as possible of the optical/rn1 properties of the ten
cloud models developed by Silverman and Sprague, (the two extreme fog models of the four they developed are also used).
The droplet size distributions for the models are represented by a modified gamma distribution (Eq. 2), with Y - 1. The
values of the parameters characterizing the cloud droplet size distributions are summarized in Table 5.

Tab~le 5 famneters lor Fog & Cloud Size Distribution Models used In LAWFRAN & FASCODYE

Clocud Type a h a No* (Clam3  
(9gMa

3
I RK~(pm) lyjia) Ext *(kto-IA"'.56M31

Neavy Adveotion 3 0.3 0.027 20 0.37 10.0 20.0 28.74
Waog

Moderate Radia- 6 3.0 607.5 20 0.02 2.0 3.0 8.672
tion ""g

Cumulus 3 0.5 2.604 250 1.00 6.0 12.0 13018

stratum 2 0.6 27.0 250 0.29 3.33 8.33 55.18

Itratuu/Itratc- 2. 0.75 S2.734 250 0.15 2.67 6.67 35.65
Cumulus

Alto-itratum 5 1.111 6.268 400 0.41 4.5 7.2 91.04

"Mimbo-stratiae 2 0.42s 7.676 200 0.65 4.7 11.76 87.08

cirrus 6 0.09376 2.21-10-12  0.025 0.06405 64.0 94.0 1.011

Thin Cirrus 6 1.5 0.011665 0.8 3.128,10-4 4.0 6.0 0.0831

'Romnl;J values ara shown for the number density, (Nj, the liquid water (or ice) content (W),and the visible-
extinction (Ext); they can be specified by the ufere n the codes. RN and R denote the mode radii for the
number and muml dTiurbutdon respecively. N

€oficet haebennralzdtovlesna
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Other cloud models are described by Carrier et al. (1967) and by Stephens (1978a & 1978b)). The latter were
Partially based on the size distributions of Carrier. Falcone at al, (1979) pointed out there arc some inconsistencies
between Carrier's size distributions and his original references. A review of fog properties is given by Stewart&
Essenwanger (1982).

The radiative properdes of the clouds were derived from Mfie scattering calculations using the refractive index of
water from Hale & Quarry (1973) for wavelengths through 200 p*m, and from Ray (1972) for the longer wavelengths. The
resulting extinction coefficients for the cloud models are shown in Figure 7 as a function of wavelength.

There are three cirrus cloud models in ILOWTRAN7, the NOAA model (Hall et al. 1983), which is retained for
consistency with LOWTRAN6 and FASCOD2, and twohoiw cirrus models, one for regular cirrus and the other for optically
thin (or sub-visual) cirrus, The NOAA cirrus model was empirically based, assuming the extinction due to cirrus was
independent of wavelength; it is only valid in the visible and IR and does not separate the scattering and absorption, so it
can not be used for radiance calculations. To alleviate thewe limitations the new cirrus models were developed. The ice
size distribution is similar to one used by Uou (1974) with different choices for the mode radius, The parameter values
used for the two new cirrus models are given in Table 5.

For simplicity in the Mie calculations, the cirrus particles were assumed to be spherical, rather than cylindrical or
platelets. The major spectral characteristics of the models should not be affected by this assumption, although the detailed
values will be. The refractive index of Ice was takeni from Fenn et al. (1985) and from Warren (1984). The calculated
values of the attenuation coefficients for the cirrus models are shown in Figure 8.
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Figure 8.. Attenuation coefficients for the thin (sub- Figure 3b. Same as Fig. 8.a for regular cirrus.
visual) cirrus cloud model with an ice crystal
concentration of 1 cm-3.

It should be recognized that real clouds can exhibit a very complex three-dimensional structure, unlike the
LOWTRAN cloud models which only permit vertical variations in their concentration, The measurements of Eloranta&
Grund (1989) presented at this symposium Illustrate this vely clearly.

4. PRECIPITAknON MODELS
4.1 Rain Moe, -,

The n ioat commonly used representation for the size distribution of raindrous Is the exponential:

dN/dD - Noe*p. A-D), (3)

where D is the diameter and N and A are parameters. It dates back tit least to Marshall & Palmter (1948), and Is a specia
case of the modified ammad41trlbution.(Eq., .2), with a-0 and v-i . They fit Eq~. (3) to the measurements of aws &
Pawsns (1943), fnigN 80,000 mm-4 to bea constant and A - 4.1 R0-21 (turn-), where R is the rain rate In mm/hr.
More recently Joss&Waldvogel (1969) and Sekhon & Srivastava (1971) have used the exponential form where the chsoice
at No and 0I depend on the type of rainfall

In Ohe visible aid IR it is possible to derive a analytic expresson for the extinction, since the raindrops are huge
compared with the wavelength and the geometric optics limnit applies In this case the Me. extincton efficlency factor can
approximated as Z independent of the wavelength. For rain aize distribution the parameters are constants or have a pjbwer
law dependence on the rainrate (as is the case for the size distributions discused above), then the extinction coef 1

can be related to the ralorate by a power law:

~ AV. (4)
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The values for the parameters A and B corresonding to the various rain distributions are summarized in Table 6, where
has units of kaw' with R in mm/hr. The resulting extinction coefficients are shown in Figure 9 as a function of wavelength.
Also shown for comparison, are snme representative values of the extinction derived from various measured size
distributions.

0--
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0.1 o $11'6i "

RAIN RATE tým/Il

Figure 9. The visible and near IR extinction coefficients as a
function the rainrate for several different rain models (see
Table 6). The individual points were calculated from the
measured size distributions for various rainfalls.

For longer wavelengths the assumption that the Mie extinction efficiency is 2, begins to breakdown and exact Mbe
scattering calculations should be used. For intermediate wavelengths (less than 0.3 nun) an empirical expression for the
efficiency factor Qs, for water drops due to van de Hulst (1957) can be used:

On - 2 + 1.84x3/3, (5)

where x - 2.r/~x is the size parameter. Using the van do Huist approximation (Eq. 5) with the raindrop size distribution
(Eq. 3) in integrating the extinction over the droplet size distribution leads to the following expression for extinction:

fie - xNo AN3 + 0.46x'1N 0 )13 AA7/317(7/3), (6)

where r is the Gamma Function. Evaluating this expression, it simplifies to:

P. - ARa + C' A,2/3RD, (7)

where A, B, C, and D are parameters whose values are given in Table 6. Without the wavelength dependent correction (the
term on the right-hand side of Eq, 7), Eq. (7) reduces to the power law approximation (Eq. 4) for the extinction due to rain.

Table 6. Para eterm Relating Sizx Distributlon (I9. 3) and Patinction coeffmient _Eq. 4 or 7) to the SI4in Rate fo.

Different Rain Models

Iýpe of Rain No (mm*'.m) A (mm") A* B* C' D*

Marshall-Palmer (1948) 8,000 4.1WR'°' 0.365 0.63 0.238 0.49

Drizzle (Joss & 30,000 5.7R"0-21 0.509 0.63 0.415 0.49
Waidvogel, 1969)

Widespread (Joss & 7,000 4.1R "R1 0.319 0.63 0.319 0.49
Waldvogel, 1969)

Thunderstorm (Joss & 1,400 3.0R1-021 0.163 0.6.3 0.087 0.49
Waldvogel, 1969)

Thunderstorm (Sekhon & 7,000R°'37  38R-0"14  0.401 0.79 0.249 0.697

Srlvastava, 1971)

The values for the parameters A, B, C, I D are fur the rainrate R in mm/hr and the wavelength A in ms.
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It might be noted that Nussenzveig and Wiscombe (1980) have derived a more accurate general expression, t
de Hulat's result (Eq. 5), with the coefficient for x-2/3 equal to 1.992- instead of 1.84 plus higher order terms In x, v.,;.
dependence on the complex refractive index. However simply neglecting the higher order terms in the Nussenzveig and
Wiscombe result does not do as well as using Eq. (5), which is accurate to better than 3% for wavelengths less than 0.3 nun.

4.2 Snow Models
Snow flakes present an interesting problem with regard to the optical effects because of their extremely complex

shapes and dimensions. Under most condtions simple snow crystals have an approximate hexagonal symmetry. However
$heir size and shape are Influenced by the temperature and humidity conditions existent during their formation and growth.
The standard classification scheme Is that of Magno & Lee (1966). Further complicating the picture is the essentially
infinite variety of agglomerates, (formed by collisions between individual snowflakes) that can exist, the fact that any of the
basic crystals can be modified by the attachment of super-cooled waterdrops in a process called riming, A recent review of
models for the effects of falling snow on atmospheric propagation is given by Koh (1989).

Studies by a number of investigators have addressed the question of the relationship between snow fall rate and
extinction. The results as shown in Figure 10 (based on the work of Mason, 1978), vary widely, due to both variations in the
crystal habit or the size distributions and to uncertainties in the measurement of the snow fall rate. It also should be noted
that the attenuation dile to snow (for all the data sets) is larger than the attenuation due to rain for the same mass
precipitation rate, as was noted by Gibbons (1989) at this meeting. This is expected since the effective cross-sectional area
of snowflakes will be larger than raindrops, since spheres have the minimum mean cross-section for a given volume and
because ice is less dense than water,

The scatter in the extinction versus precipitation rate of Figure 10 can be reduced by using not the equivalent liquid
water precipitation-rate but the actual rate of accumulated depth of precipitation, (which is much harder to accurately
measure for snow). The results of the different studies in Figure 10 can be expressed as power-law identical to the relation
between rainrate and extinction (Eq. 4), where R is generalized to the equivalent liquid water procipitation rate.
Converting the equivalent liquid water, R, to snow depth, S, using the meteorological "rule-of-thumb" of 1 mm rain to 10
mm of snow (Miller & Thompson, 1970), this generalized expression for extinction (Eq. 4) as function of precipitation-rate
becomes:

A,S(8)

where A' = A,(l/1)u, (9)

and S is the rate of snow accumulation. The conversion from equivalent liquid water to actual snow depth will vary from
less than 1 to 5 for wet-heavy snow to greater than I to 20 for dry-powdery snow,

The values for the parameters A and B given by Mason (1978), and the corresponding values of the parameter A'
(calculated using Eq. 9), are given in Table 7. The resulting dependence of the extinction on the snow accumulation rate
(Eq. 8) is shown in Figure 11, where the extinction for the Marshall-Palmer rain model is shown for comparison, The
extinction due to ruin now is bracketed by the different snow models.

Table 7. Parameter Relstin_ the Extinction Due to Snow to the Snow Precltltatlon
Rate ExnremIed am Fgulvalent Liquid Water. In mm/hr. (En. 4). and pressed as

Accumulated Snow Fall. In mm/hr. (Eq. 81

Investigator A B A'

Lillesaeter 3,93 1.0 0.393

Zer'manovtch 1.3 0.5 0.411

Polyakova & Tretjakov 3.2 0.91 0.394

Mellor 1.11 0,42 0.422

Warner & Gunn 2.53 1.0 0.253

O'Brien 1.393 0,69 0.284

_ II I l l { l i { l I l l --
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Figure 10. The extinction during falling snow as a Figure 11. The same as Figure 10, only as a function
function of precipitation rate as equivalent liquid of the actual accumulation rate, (Eq. 9).
water for several snow models (adapted from Mason,
1978)

4.3 Forward Scattering Corrections
For both rain and snow, where for visible and IR wavelengths the characteristic particle sizes are much larger than

the wavelengths, the measured values of transmission will generally be higher than expected based on the extinction
coefficients given in the previous two sections (4.1 & 4.2). Also they exhibit a stronger wavelength dependence than
indicated by Eq. (7). Seagraves (1983) notes that snow transmittance measurements indicate the extinction is 30% to 50%
higher in the 8-12 ,m spectral region than the visible, instead of the less than 5% predicted by the wavelength dependence
of Eq (7), (allowing for the difference between the size of snowflakes and raindrops).

Mill and Shettle (1983) have shown that this can be explained Py the pronounced forward scattering lobes due to
Fraunhofer diffraction fur very large particles. The angular width of these diffraction peaks (which go inversely with the
size parameter,x) can be comparable to the field-of-view for typical transmissometei,. When this occurs, a significant
fraction of the scattered light will be seen by the transmissometer and be Indistinguishable from the directly transmitted
light. They derived a relationship between the measured transmittance, T,, arid the true transmittance, r, (which would be
measured by a transmissometer with zero receiver field-of-view, 9, or zero source divergence, :

-r. - -r(1 4. D.n r), (10)

where D' is a function of the transmissometer f.o.v., the source divergence, and the particle size parameter. The values of
D are shown in Figure 12, (also see Fenn et al,, 1985). Similar results have also ben developed by Seagraves (1983 &
1986) and by Bohren & Koh (1985).

FORWARO SCAT TERING CORRECTION FACTOR

0.4
0,xPARTICLE SIZEPARAMETER

0.2 OIVERGENCE

0.1

CIA I 100
o.,I0. 1,0 10, 100.

Figure 12. Correction factor, D' (Eq. 10), for forward
scattering as a function of transmissomcter geometry and
particle size parameter,
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DISC'USSION

1. XORNEl
Land aerosol models are driven by parameters like wind velocity, humidity, etc. Are
there any plans to relate these models to surface types and, in addition, to surface
conditions?

AUTORO, REPLY
Other than for desert aerosols and the maritime aerosols which I discussed, I do not
know of such modeling studies. For land surfaces with vogetation, the problem becomes
more complicated, since in addition to variations in the soil composition, there are
surface binding effects of plants and more variation in the moisture content of the
ground surface than for desert regions. Also, there are less data available on the
production of aerosols from such surfaces, than for desert or oceanic regions.

D. Emim
Can you give some more information on the wavelength dependence of transmission through
falling snow, e.g., the higher measured values in the visible rather than the infrared
at 10 pm?

AU211R4 REPLY
The higher measured transmission for visible wavelengths than infrared (IR) in falling
snow is an instrumental effect. For snow (and rain) where the particle sizes are much
larger than the wavelength, such of the scattered light is in the forward direction
within the so-called diffraction peak. The angular width of this diffraction peak is on
the order of a few milliradians in the visible for falling snow, and goes inversely with
the ratio of the particle size to the wavelength. This angular wid';h of the 6cattered
radiation is comparable to the field-of-view (FOV) of typical transmissometers. For
the visible, much of the diffraction peak often falls within the FOV, so it appears
not to be scattered. In the IR, the diffraction peak becomes broader with increasing
wavelength, with the result that more of the scattered light falls outside of the FOV,
and is not sensed by tha transaissometer. With knowledge of the particle size distribu-
tion and the instrument characteristics this dependence on wavelength can be calculated.
This is discussed further in the text of the talk.

J. B2LBY
How do the optical properties of desert aerosols vary in different geographical desert
areas and what has been used in LOWTRAN 7?

AUTIOR08 3RPLY
Desert aerosols do have different optical properties depending on composition. This can
be seen in the different colors of desert sands which range from white to yellows and
browns or reds. LOWTRAN 7 uses the model of Longtin et al. (1988) which was developed
to be representative of typical deserts. It treats the small particles as being back-
ground ammonium sulfate, with a slight contamination of carbon particles, and the large
particles, or sand which is made up of quartz mixed with hematite. We have not attempt-
ed to model, within LOWTRAN, the variations in the composition which occur. However,
the major variation with wavelength is driven by the size distribution, rather than the
composition. The refractive index, which is a function of the composition, determines
the spectral location of peaks and valleys in 'the scattering and absorption as a func-
tion of wavelenqth.
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INTERPRETING METEOROLOGICAL DATA REPORTS FOR LOWTRAN 6
NAVY AEROSOL MODEL EXTINCTION CALCULATIONS

A.J. Beaulieu
Defence Resmarch Establishment, Valcartier, 2459 Pis XI Blvd. North,

P.O. Box 8800, Courcelette, Ou~bec, Canada, GOA 1RO

SUMMARY - To evaluate the aerosol extinction, one of the most advanced model is the
LOWTRAN 6 Navy Aerosol model. However, to evaluate the extinction corresponding to
weather conditions derived from meteorological reports is often difficult because theme
reports lack one critical parameter required by the model; the Air Mass parameter value.
Using default values for this parameter can lead to substantial errors in the extinction
at tho longer wavelengths. Furthermore, the LWWTRAN model does not accept values of
relative humidities greater than 98%. These deficiencies become serious when it is
desired to derive statistics of the IR extinction from meteorological records. A
meteorological data interpreter model has been developed to overcome these problems.
This model uses the visibility to determine the effective Air Mass parameter as well as
adjusting the RH, the wind velocities and the precipitation rates through a series of
logical selections to arrive at a physically consistent solution with respect to the.
available data, This model was tested on a large number of weather scenarios which
shows its validity and its effects on IR system performance assessment.

1. INTRODUCTION

The atmospheric extinction is the dominant factor affecting the performance of ZR
systems in the marine environment. To evaluate the performance of such systems in
various regions of operation, the only data available is the meteorological records
which have been accumulated by weather ships some 20 to 30 years ago. To estimate the
IR extinction from such data, we presently rely on the LOWTRAN atmosphsric propagation
code 1 . LOWTRAN 6 adequately accounts for the effectm of molecular absorption and
provide various models for calculating the aerosol extinction. One of these aerosol
models, the Navy maritime model developed by Gathman 2 at NRL, is the most suitable one
for ocean atmospheres.

In the Navy model, the particle size distribution mode (for radius r) is the sum

of three log-normal distributions given bys

3
n(r) - ) Alexp {-(ln(r/Fri) 2 ) (cm-! om-1) (1)

i-i

where

Al - 2000(AM) 2  (2)

A2 - 5.866(Va - 2.2) (3)

A3 . 1 0 (.006Vc - 2.8) (4)

Component A, represents the contribution by continental aerosols and AM is an Air Mass
parameter that is allowed to range between integer values of 1 for open ocean and 10 for
coastal areas. Components A2 and A. represent equilibrium sea spray particle, generated
by surface winds. The first corresponds to small particles whose density is a function
of the surface wind speed averaged over 24 h (Va, in m/s) while the second depends on
the current surface wind speed Vc. The expression for A given here differs from the
original one of Ref. (2) and is an improved value which Is believed to be included in
LOWTRAN 73. For wind velocities less than 2.2 m/s, the density of the sea spray
aerosols A2 and A3 are taken to be 0.5 and .000015 respectively.

In Eq. (1) r 4 , the modal radius for each component, is allowed to grow with

relative humidity #(RHf according to the Fitzgerald forriula&s

F - [(2- RH/l0) /.6(1-RH/l0O)J 1/3 (5)

The contribution to the total extinction by each aerosol component can be written as:

O(A)i - (0.00liAi/F)f Q(A,r,r)exp{-(ln(r/Fri)2}rZdr (km-) (6)

where 0(A,r,n) is the cross section for the extinction normalized to the geometrical
cross section of the spherical particle, and n is the complex refractive index, which is
allowed to change from that of a dry sea salt an the particle deliquesces with increas-
ing humidity. When an observed surface visibility is available as an input to the
model, the model calculates the visibility at 0.55 um predicted from the AM value, RH,
Va and Vc and takes the ratio (C) of the calculated to the observed visibility. It then
uses this ratio to multiply all the A parameters such that the extinction at 0.55 om is
compatible with the observed visibility and the subsequent estimates of the extinction
at any wavelength is made using these adjusted values of aerosol densities. Fundamen-
tally, the input values of AM, RH and winds determines the ratio of visible to ZR
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extinctions and the visibility input adjusts the amplitudes of the extinctions to match
the reported visibility. Aa error in the AM value will then strongly affect the xR
extinction accuracy,

A number of difficulties were experienced when trying to estimate the aerosol
eatinction ia the ZR wavelengths using the available data from meteorological records.
First there is no indication of what Air Mass parameter value to be used and in the
absence of an input the program assumes a default value of 3 for AN. Secondly the wind
values provided are only the current wind values and it is necessary to assume that the
average wind is the same as the current value. Furthemore, a number of records indicate
that the relative humidity is greater than 984 which the LOWTRAN code will not accept as
valid. Finally the effects of precipitation on the visibility (and hence on the C
ratio) is not taken into account. Even worse the precipitation rate is generally given
by a simple descriptive such as "light rain" (which weans anything from 0.1 to 2 sm/hr)
which is generally assumed to mean something near the maximum. In the Northern seas,
the cccurrence of snow, which is much more effective in reducing the visibility, can
significantly distort the extinction results.

2. METEOROLOGICAL DATA ANALYSIS

A number of representative weather rearts were selected to represent the various
conditions encountered in the North Atlantic . Using the default value of 3 for the air
mass parameter and limiting the RH value to 981, the Navy aerosol model was 1eed to
evaluate the IR extinction corresponding to these scenarios. The C parameter values
were also recorded as well as the "effective" air mass parameter and wind velc.ity.
These effective parameter values are those which would be required to give the adjusted
visible extinction as determined from the C ratio. Typically the effective wind (Verf)
is calculated from the relation:

5.866(Veff - 2.2) - C'5.866(Va - 2.2) (7)

Similarly the effective air mass parameter (AMeff) value is estimated from the relation:

AMeff - 3 (C). 5  (8)

Particularly unrealistic values of effective air mass parameter in excess of 20 and
winds in excess of 100 m/s wero obtained When the RH was reported as greater than 98%.
This has led to a reformulation of the way to calculate the effects of relative humidity
which is described below.

3. EXTINCTION MODELING

Using the Navy aerosol model in LOWTRAN 6, it is possible to determine the
normalized extinction (for Ai/F - 1) of the various types of aerosols as a function of
their mean size which is given by Fr where F is given by expression (5) and r. is
the mean size of the aerosols at 80% relative humidity. In the limit of large particle
size, this normalized extinction should vary as the cube of the mean particle size. A
mathematical model 5 was developed to replace the time consuming Mia calculations, and
which respected the large size lim-1t and the Anomalous Scattering approximation in the
limit of small particles. When rxpressed in the same terms as the Navy aerosol model,
this model is doscribed by:

O(X,r)i - (Ai/F)r 3K0ol+KI/(K2 +r)+K3 /rl{r2/(K2 K4 +r 2 )1 (km-l) (9)

where the Kis are to be determined for each wavelength except for K which is the same
for all wavelengths. Note that this model does not consider the effects of the changes
in the refractive index of the aerosols as a function of the relative humidity.
Plotting the normalized extinction obtained from LOWTRAN 6 against mean aerosol size for
all three types of aerosols, best fit values of the K parameters were evaluated for the
40 reference wavelengths used in LOWTRAN. Typical results are shown in Figures 1 and 2.

The inaccuracies of this model are comparable to the interpolation inaccuracies
of the Navy aerosol model. To obtain an improved accuracies the K constants should be
replaced by variables which vary with the dielectric conctant of the aerosols which
change with RH. The added complexity was not judged worthwhile in view of the other
inaccuracies inherent to the assumed size distribution model.

While this new approach allows the determination the extinction at high zelative
humidities, the accuracy of the measured values is critical and cannot be relied upon
becaume of the small difference between the air temperature and the dew-point
temperature and any small local air heating will give an RH error which will be
magnified for RH values near 100% because the F function has a pole at this value.
Furthermore the mean aerosol size varies as indicated by the Fitzgerald expression only
in a system which is in equilibrium. For a natural environment with substantial air
movement and a finite growth rate of the aerosol with increased RH, the. value of rela-
tive humidity which should be used is some sort of average value over both space and
time. Therefore for very high values of RH, some interpretation of the met3orological
data is required. The same also applies to the determination of the Air Mass parameter
and to that of the average wind. The method used in the Navy aerosol model to a~ljust
the extinction to the observed visibility can lead to substantial errors in the esi~ima-
tion of the ZR extinction. If the AN valuu used in the modeling is too small, changing
equally the Qxtinction from all types of aerosols in the visible will result in an
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excessive Change at the IR wavelengths because the small background aerosols have a much
larger effect in the visible than at the long wavelengths while the wind-raised aerosols
have a much more significant impact on the IR extinctions as can be seen from Figures I
and 2. These considerations have led us to the development of an "Interpreter" model
which will now be described.

4. METEOROLOGICAL DATA XITERPRBTflR

The basic concept of the interpretpr is to use the visibility (however inaccurate
it my be) to test the validity of the parameters used to calculate the extinction.
Initially the Air Mass parameter is assumed to be low (AM - 2), the precipitation rats
is taken near the upper limit of the reported range, the average wind is taken as equal
to the reported current wind and finally if the RH value exceeds 98%, this exceedance is
noted and the value decreased to 98S as this is within the range of errors possible.
The extinction due to the precipitation, which is considered independent of wavelength,
iL calculated as in LOWTRAN 6 and is given bys

Orr - 0.365(rr).' 3  (ks-i) (10)

where rr is the precipitation rate in mm/h. This extinction is added to the aerosol
extinction before calculating the ratio of the calculated to the observed visib.lity.
This ratio is different from the C ratio used in the Navy aerosol model because it
includes the effects of precipitations on the visibility, and to distinguish it clearly,
it will be called Fl. Figure 3 gives the logic diagram of the interpreter.

The modeling is based on the fact that all the variable. which can be in error
all operate in the same manner. An increase in any of the parameters AN, RH, wind or
precipitation rate will lead to an increase of the extinction in the visible and hence
decrease Fl. If the FP ratio in close to unity, (i.e. 2/4F143/2), errors in the various
parameters are equally probable except RH if it is not too high, and the number of each
type of aerosol is multiplied by Fl to adjust the visible extinction to the observed
visibility as in the Navy aerosol model. The effective values of the parameters are
then evaluated for further analysis.

If FP is greater than 3/2, either the AN or the RH parauster is too low (wind and
precipitation extinctions are unlikely to be significantly too low because of the high
value selection of rr and the accuracy of wind measurements). If the reported RH is
greater th-n 989, it is the most likely cause of the high value of Fl. In that case the
value of Am is set to 4 to run a new evaluation of Fl and i:L it is still greater than
3/2, the value of F is increasAd in 100 increments until the value of Fl drops below 1.
Then the calculated RH is determined from the final F value by the inversion of
expression (5). A final adjustment to the observed visibility is performed before
determining the effective value of all the parameters and calculating the extinction at
other wavelengths. When the reported value of RH is less than 981, then the influence
of small RH errors is generally not important and the Air Mass parameter is most likely
to be too low. Then the value ot the A, is stepped up in 10% increments until Fl drops
below 1. The final adjustments are performed as in the previous case.

If the Fl parameter is below the value of 2/3, it is unlikely that AN is too high
as the initial default value was taken to be qnite small. A reduction of the RH value
would not be significant within the possible margin of error of the measurements except
when the reported value is very close to 1004 and these cases are already covered by the
automatic decrease to 98% which occurs before the first evaluation of Fl. Therefore,
the most likely causes would be an excessive value or precipitation or of wind. The
most probable source of error is the excessive precipitation rate inferred from the
weather reports. However, a number of low Fl cases were found when there was no
precipitation. A second test is required to determine if the excessive calculated
extinction could be due to an excessive wind estimate and Fl is calculated again but
taking rr - 0 such that if this new value of FI is still below 1, the average wind is
decreased until FI becomes equal to I and the rain rate effective is then assumed to be
%ero. If this second value of F1 is greater than 1, then the average wind is kept equal
to the current wind and the precipitation rate is adju~ted by a stepping iteration
decreasing the rain rate in 104 increments until FI increases to a value greater
than 1.

The interpreter logic is not absolutely perfect as it is limited to varying only
one parameter at a time and the reliance on the visibility (which is not the most
precisely measured parameter) is a source of uncertainty. In the cases of showers, it
is well known that the visibility will vary depending on the direction of the
observation and it is suspected that the reported values corresponds to directions where
there is no precipitation. This explains Why the calculated effective precipitation
rates are wometimes very small. In complete performance evaluations, the spatial
profile of the precipitation should be included in the extinction as a function of
direction assuming that the values given by the interpreter apply in the directions of
least precipitation. In spite of these restrictions, the merits of the interpreter have
been tested on ri large number of weather scenarios and the results susmarimed below.

5. APPLICATIONS OF THE XNTERPRETIR MODXL

As indicated earlier, a number of "typical" weatl r reports have been selected to
represent the various weather conditions normally encountered ir four separate regioni
of the North Atlantic. To evaluate the performance of the interpreter model, two
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extreme regions were selected, the Canlant region covering from the East coast of Canada
to the middle of the Atlantic, and the Westlent region ccvering frost the East coast of
the U.S. to the Canary Islands approximately. The calculated effective air mass
parameter values for the 80 weather scenarios for the Weatlant region, are illustrated
in Fig. 4 while those for the 72 scenarios for the Canlant region are given in Fig. 5.

The most striking characteristics of these results is that large values of the AM
parameter are obtained for the Gulf Stream sub-region of Westlant and, to a lesser
extent, for the North American Basin sub-region of Canlant. The weather station of the
first sub-region is Cape Hatteras which is essentially on the shore of the U.S.
continent and it is normal to expect that the air mass will exhibit continental rather
than oceanic properties. The North American Basin sub-region results are obtained from
the Sable Island weather station which, although it is more remote from the North
American continent, is also expected to diaplay more frequently typically continental
air maxs propertioe. For the other weather stations which are all weather ships, except
for the Canary Basin station of Lajes, the air mass parameter values as estimated by the
interpreter is often near 2 which is comparable with the default value of 3 which is
used for LOWTRAN. Values of the order of 6 are however frequently estimated in
conditions where the visibility is reduced which are precisely the conditions of
interest in performance assessment and where the higher AM values lead to a reduced
estimation of the IR extinctions.

Another parameter behavior of interest is the estimation of the average wind
velocity as a function of the reported wind. Figures 6 and 7 show the behavior of the
estimated average wind as a function of the reported current wind as calculated by th4
interpreter (dark points) and the LOWTRAN 6 (light points) model, for the two regions.
It can be seen that in general the interpreter results give average winds closer to the
current wind than the LOWTRAN model. This is particularly important for the low current
wind conditions where the LOWTRAN high values would seriously impact the IR extinction
estimations.

The most important point for performance evaluations is the behavior of the
extinction in the IR wavebande. Two wavelengths, 3.75 lint and 10.6 um, were used for
comparison purposes. For the 3.75 om wavelength, the comparison between the LOWTRAN and
the interpreter results ii illustrated in Fig, 8 and Fig. 9 for the Central Atlantic
(deep ocean) sub-region and the Gulf Stream sub-reg•on (nearly continental) sub-region
respectively. Both exhibit the LOWTRAN tendency to overestimate the IR extinction which
is most significant in the Cape Hatteras results because of the higher values of the Air
Mass parameter in this case. Another point of interest is that in these results, all
the points above the 0.1 km-l value in the LOWTRAN extinction estimates correspond to
precipitation situations. The cubstantially smaller values obtained with the
interpreter are generally due to an estimated reduction of the precipitation rate which
is required for compatibility with visibility. This is most important in the estimation
of the probability of experiencing large extinction due to precipitations.

Similar results are obtained for the longer wavelengths as indicated in Fig. 10
where a significant, although les important, reduction of the estimated extinction is
shown by the interpreter model compared to the LOWTRAN results. However, the Impact of
these results on system per'ormance evaluation is less significant for this wavelength
because once the larger molecular extinction is added, the effects of the aerosol is
much less significant on the total extinction except in the case of precipitations.

6. CONCLUSIONS

Using the @ate physical aerosol extinction model as that used in the Navy aerosol
model of LOWTRAN 6, a meteorological date interpreter code h.as been developed to
estimate the densities of various types of aerosols from the available meteorological
records which contain no indication of the Air Mess parameter. The method for
determining the effects of the relative humidity on the extinction has also been
modified in order to be able to cover very high relative humidities and accompanying
very low visibilities which are cases that the LOWTRAN 6 model cannot cover. The
expected Lange of validity of this model is from 50 to 1009 relative humidities and for
visibilities greater than 200 r. For lower values of RH and visibilities the model is
expected to produce IR extinction values which are lower than true. Using this model on
a large number of weather reports has produced results which are consistent with
physical interpretations and in general the IR extinctions are lower than tLose obtained
with LOWTRAN, which can have a significant effect on the performance evaluation of IR
systems at sea, especially in adverse weather condit4,ons.
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R. BHUTTLE
Are the visibility data based on observer reports or instrumental measurements (such as
a point visibility meter)? Given observer reports are notoriously poor, especially for
open ocean with no landmarks, it is probably better to also consider the typical meas-
urement errors for the other measurements, and try not to adjust the relative humidity
and wind speed much beyond the expected error bars for those measurements to force
agreement with the observed visibility.

AUTHOR' S XUPLY
The only available data are meteorological observer reports from weather ships/stations.
An error in visibility produces a much smaller XR error using the interpreter than if
the same visibility is used with the Navy Aerosol Model visibility adjustment. This
code modifies primarily the AM parameter. Relative humidity greater than 98% is the
only case where it is adjusted. The precipitation rate and/or average wind is modified
when the observed visibility is greater than the calculated one. A 50% error in esti-
mated visibility has a much smaller effect on ZR extinction than a change of the AM
parameter by a factor of 2.

X. SHUTTLE (COISENT)
I think the 50% error you used for the visiblity is optimistic.

J. BULlY
I agree with Dr. Shettle that visibility is one of the most difficult parameters to
estimate on a ship (unless it is measured independently by an optical instrument).
However, wind speed, temperature, and relative humidity are accurately measured. Would
it not be better to put more weight on theme parameters rather than visibility?

AUTHOR'S RNPLY
Wind speed, relative humidity cannot give any clue on the value of the AM parameter.
Average wind speed is also very difficult to measure as the data recording is only 2
pointw pnr day. Measurement uncertainties for relative humidities in the 98 - 100%
range may have a very large effect.
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The Naval Oceanic Vertical Aerosol Model (NOVAM) has been formulated to estimate the
vertical structure of the optical and infrared extinction coefficients in the marine
atmospheric boundary layer (MABL). NOVAM was designed to predict the non-uniform and
non-logarithmic extinction profiles which are often observed. It is based on a
combination of empirical and physical models which describe the aerosol dynamical
behaviour. The extinction properties are calculated from the aerosol profiles using Mie
theory. For the initial evaluation of NOVAK, data from the July 1987 FIRE experiment
(conducted off the coast of southern California) was used. Aerosol particle size
distributions, aerosol scattering and required meteorological parameters throughout the
MAHL were obtained from both airborne and surface based platforms (aircraft, ship and
balloon instrumentation packages). The aerosol-derived extinction properties throughout
the MABL are compared with the NOVAK estimates.

1. INTRODUCTION

NOVAK, the Naval Oceanic Vertical Aerosol Model, 1 ,2, 3 is being formulated to estimdte
the vertical structure of the extinction coefficients in the marine atmospheric boundary
layer (MAHL) for wavelengths between 0.2 and 40 )m. Its development is based on a

combination of empirical and physical models 4 ,5,6, 7 which describe the aerosol dynamical
behavior. The input to the empirical-dynamical model to calculate the profiles of the
optical ands i 9 farmd (IR) extinction coefficients is a given set of atmosphericparamuters.*,,

NOVAK was designed to describe the non-uniform but also non-logarithmic extinction
profiles which are observed to exist throughout the MABL. It is mainly based on physical
models for the processes that determine the aerosol vertical structure. The model is
restricted to the marine atmosphere, hence the designation "Oceanic" in its title. The
differences between this model and land-based models are the marine type of scaling used
for the turbulent controlled processes near the sea surface, 2nd the determination of
the surface concentrations with the Navy Aerosol Model (NAM). The structure is a
function of turbulent controlled processes and of particle growth due to height varying
relative humidities. The turbulent processes produce, deposit and mix the aerosol and
also determine the depth of the mixed layer itself.

NOVAK is a combinatipn of models developed at the authors' institutes, 4 ,5 ,6, 7 which
were merged by Gathman. In this paper the model ia br~e~l• summutrized. A complete
"dscrition of the model has been presented ellewhere.,' ' The NOVAK flow chart is
shown n Figure 1. The kernel for NOVAK is NAM which has been extensively updated from
the original. NAM produces a particle size distribution at a height of 10 m above the
surface from the input data of wind speed (both current and the 24-hour average),
visibility and relative humidity. This NAN-generated surface-layer particle size
distribution is mixed throughout the MAHL by turbulent-controlled processes, further
modified by relative-humidity effects. The physics describing these procesuos are
determined by the MAHL vertical structure. Various models describing the atmsspherio
vertical structure are ipcluded in NOVAK, much as a simple mixed-layer model and a
shallow convection case. Provision has beea ade to include other models such as for.
deep convection. The selection of the model is based on the input parameters describing
the vertical stratification (thermal stability, the presence of an inversion and the
inversion height), cloud cover, cloud type, wind speed, and the requested wavelength for
the extinction calculation.

NOVAK will perform best when all of the above parameters, and those listed in section
2.1, are available. Thus the input files need to contain surface observations and the
MARL vertical structure. The latter information can be obtained from a rawinsonde
observation. If the information on the vertical structure is unt available a default

* I relative humidity profile, based on the surface observations, Is generated. This
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default profile is also used when the required input parameters do not satisfy the
presently supported models (mixed-layer, shallow convection or stratus). The stratus
model is an empirical model that applies only to the marine stratus clouds for wind
speeds lesq than 5 m/s and a desired extinction calculation for wavelengths between 1
and 11 pu.

A preliminary NOVAM-estirated profile comparison with one sat of experimental data
yielded favourable results. This paper presents a more comprehensive initial evaluation
of NOVAM utilizing an extended aerosol and extigction data base obtained during the
project FIRE (First ISCCP Regional Experiment), see section 2. Results are compared
with NOVAM predictions in section 3. Conclusions follow in section 4.

2. THE FIRN/ReMNT EXPERIMENTS

2.1 APPROACH TO EVALUATION 0 NO0AV

During June and July, 1987, the Marine Stratocumulus Intensive Field Observation
Experiment of FIRE was conducted in the Southern Californian offshore area. FIRE is a
cloud research program to validate/update the ISCCP (International Satellite Cloud
Climatology Project) data base and cloud radiation parameterizations used in the general
circulation models. Coordinated surface, aircraft, and satellite observations of marine
stratocumulus clouds within and just above the marine boundary layer were made by a
myriad of participants. A general overview of the FIRE project and the participants
involved are outlined in reference 9. The Navy's EOMET (Electra-Optics METeorology
program) participation in FIRE was both to be supportive of FIRE and to build a quality
data base from which NOVAK could be evaluated.

The meteorological parameters required for the NOVAK4 evaluation are the mean surface-
layer wind, temperature, humidity, aerosol size distributions, and visibility, Radon
count or air mass parameter (AMP), the boundary layer profiles of temperature, humidity
and either aerosol size distributions or optical/IR extinctions. Measurements were made
from both airborne and surface based platforms (aircraft, ship, and balloon
instrumentation packages). Rawinsonde launches were made from the ship.

2.2 MEASURUEMNTS

Measurements were made from several platforms at different geographic locations
during FIRE to characterize the stratocumulus topped MABL over spatial distances
appropriate for satellite imagery (10 to 100 km). This scale corresponds to the meso-
scale which is inherently three dimensional and has important temporal variations at
intervals of hours. The measurements from San Nicolas Island (SNI), from aircraft and
from the N/V Point Sur were designed to characterize mesa-scale features. The
measurements from the different platforms and locations were coordinated within
intensive periods to describe the three dimensional nature of such features.

SN1 is situated 102 km south-southwest of Point Mugu, California. The island is 14.5
km long and 5 km wide. It is an ideal location to make oceanic measurements.

2.2.1 R/V POINT OUR NZASUXSNUNTB

The R/V Point Sur, operated for the National Science Foundation by the California
State University System for the Naval Postgraduate school (NPS), was an important
platform because of its over water location and continuous (24 hour/day) measurement
schedule for the period 7-16 July. The R/V Point Sur was generally located 30-40 km
upwind (Northwest) of San Nicolas Island.

Several meteorological measurement systems were on board the R/V Point Sur to
characterize surface layer stability and aerosol properties, and thQ mixed layer depth
and turbulence. The quantities measured and the sensors are listed in Table 1.

2.2.2 AIRCRAFT MEASURE•ENTS

The Naval Ocean Systems center (KOSC) airborne platform was utilized to characterize
the low level structure of the marine boundary layer. Flights were made in the vicinity
of SNI and were coordinated with the R/V Point Sur, and the Naval Research Laboratories
(NRL) Tethered Balloon Facility at SNX. NOSC evaluated one flight during the low stratum
conditions on 15 July, and one during the clear sky conditions on 19 July. The former
was the only flight when the R/V Point Sur was on station. The prescribed flight pattern
for the NOSC aircraft consisted of mpiral profiles taken near the NRL ground facility at
SNI and upwind of SKI near the R/V Point Sur. Meteorological parameters recorded by the
NOSC aircraft are shown in Table 1. Spiral climb rates were at 152 meters/minute.
Meteorological data were recorded every 5 seconjs and aerosol data every 4 to 8 seconds
(depending on meteorological conditions). Each flight was scheduled to occur
simultaneously with the NOAA-9 satellite overpass.
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Measuremant Instrtment Freuiency

I. VIS: R/V Point Sur

Mean Surface Layer:
Radiation(short.total) radiometers continuous

Vector wind propeller/vane continuous

Temperatures:
Air resistance therm. continuous

Dew point cooled mirror continuous

Sea surface floating thermistor continuous

Waves bridge observation I per hour
Turbulence

Wind hot-film anemometer continuous

Humidity Lyman-alpha Sensor continuous

Aerosol and Radon
.08 to 1.5 pm radius PMS ASASP continuous
0.5 to 12 um radius PMS CSASP continuous
Radon concentration HV filter I per hour

Mixed Layer and above:
Vector wind rawinsonde 6 per day
Temperature rawinsonde 6 per day
Humidity rawinsonde 6 per day
Inversion height rawinsonde/sodar 6 per day/

and strength continuous
Turbulence sodar continuous

II. NRL Aerostat. SNI

Air temperature dry bulb thermometer 5 Hz
Relative humidity dry/wet bulb psychrometer 5 Hz

saturation hygrometer 5 Hz
Liq. water conc. forward scatt. meter 5 Hz
Wind vector bivane anemometer/ 5 Hz

inclinometers/compasses
Visual scattering nephelometer I Hz
Altitude altimeter I Hz
Aerosol, 0.5-16 pm radius PHS CSASP 1 Hz
Videorecordings video recorder continuous

III. NOSe AIBORNRE PLATFOR

Temperatures:
Air Rosemont continuous
Dew point EG&G cooled mirror continuous
Sea surface Barnes IR continuous
Cloud top Barnes IR continuous

Aerosol, 0.25-15 pm radius P1S ASSP continuous
15-150 pm radius PMS OAP continuous

Altitude Rosemont continuous

2.2.3 TETHERED BALWON MZ1SURXZMNTS

The NRL balloon facility10 was located at the northwest tiY of ZNI approximately 15 m
above sea level. The NRL aerostat system consisted of a 538 m balloon, with a lifting
capacity of 227 kg and a flat bed trailer which serves as a "mobile" mooring system. The
instrument package hangs 35 meters below the balloon and the power source to eliminate
exhaust contamination near the sensitive aerosol sensing devices. The platform is
aligned with the wind by an aerodynamic mechanism. The instruments, listed in Table 1,
were co-located on that platform to obtain the extinction in three independent ways.
First, profiles of temperature and humidity were recorded for input to NOVAM
calculations. Secondly, the aerosol size distributions were measured with an optical
particle counter and extinction coefficients were calculated using Mie theory. Finally,
a direct measurement of extinction (molecular and aerosol) was made at one wavelength by
means of a spherical nephelometer.

3. EVALUATION

It is important to test NOVAM under real scenarios so that the applicability and
accuracy of the model can be assessed. There is no better way of discovering model
deficiencies, including software errors, than to actually exercise the model under a
variety of natural input conditions. Weaknesses in the physical models can be determined
by comparing the model estimates of extinction to measurements. In this way the
adequateness of the model can be determined and the assumptions/default specifications
can be assessed. The chosen approach to evaluate NOVAM is to compare the independently
obtained experimental optical/IR extinction profiles with NOVAM estimates using only the
simultaneously measured meteorological parameters.

t
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In making such a comparison, one must consider the measurement accuracy of the input
meteorological parameters required by NOVAK and the accuracy of the independently
obtained optical/IR extinction data. Both of these are subject to instrumentation
accuracies and errors introduced by statistical sampling of time and spaciously varying
fields. Although all precautions were taken to eliminate measurement and sampling
errors, these types of errors still exist and must be considered when comparing data
from different instruments. Therefore, in this evaluation, data envelopes were defined
to show the most probable range of the extinction profiles.

Because of the significance of the meteorology to NOVAN, a description of the
synoptic situation around SNI is given first. The R/V Point Sur measurements are used
for comparison with the NAM. The simultaneous NOSC airborne and NRL Aerosja! profile
measurements provide the basis for the extinction comparisons with NOVAM. Both
stratus and clear-sky conditions are considered. Finally, a qualitative summary of the
initial evaluation of NOVAM is presented.

3.1 1. O1PTIC 21TUhION AND EURFAC3 NNIUUINNUH ON T|E R/V POZINT BUR, 14-16 JULY

The meteorological synoptic scal? situation during the 14-16 July period was
controlled by two pressure systems, 1 Figure 2. A stationary 1032-1036 mb closed surface
high pressure system was located west of Washington State and British Columbia, Canada.
A well-defined thermal low was located over Southern California. These two systems
caused west to northwest winds in the vicinity of SNI due to the outflow from the high
located to the northwest.

The time series of surface layer parameters and representative rawinsonde profiles
obtained from the R/V Point Sur for 14-16 July are presented in Figures 3 and 4.
Features of interest in the 3-day time series, Figure 3, are the steadily decreasing
wind speeds and the diurnal variation of both the wind speed and direction. Steadily
decreasing wind speeds are important to the production of marine aerosols. The diurnal
variations in the KABL parameters due to the vicinity of the US Mainland, could imply a
local circulation influenced by the land-sea proximity. Thus continental aerosol can be
carried to the area, which influences the extinction.

The steady decrease in wind speed was associated with the thermal low which was
moving northeast (more inland) from the Baja of California on 14 July to the California-
Nevada border on 16 July (Figures 2a through f). The eastern Pacific surface high
pressure systems remained nearly stationary during this period. The variations in wind
speed and direction, during the 24-hour periods, were concluded to be due to the
intensification of the thermal low, east of the area, during the local afternoon (1200
PDT is 1900 UT in Figures 2 and 3).

Evidence that there was a land-sea influence associated with the diurnal variation
appears in the diurnal variation of the Radon concentration. Whether the Radon was
advected horizontally or arrived in the mixed layer due to entrainment is unknown. The
increase in temperature and decrease in humidity on the diurnal scale could be
associated with entrainment of warm dry air £rom above the inversion. The entrainment of
overlying air with continental aerosol is as important to NOVAM's performance as the
horizontal advection of continental air.

The continental influence is obvious in the afternoon of 15 July. The increased Radon
concentrations, a clear indication of continental influences, are followed by an
increase in the extinction coefficients. The increase in the extinction coefficients is
observed at all wavelengths from the visible to the far IR.

The vertical structure of the NABL is of crucial importance to the evaluation of
NOVAK. The R/V Point Sur obtained this information from the rawinsonde launches.
Profiles for 14, 15 and 16 July, around 2200-2300 UT, are shown in Figure 4. They
exhibit differences as well as nimilarities. The differences are only in the depth of
the mixed layer, which increases from the 14th to the 16th. The similarities are in the
cloud cover, in the gradients within the mixed layer and in the features at the
inversion.

Because of the importance to the stratus came presented in section 3.3.2, features in
the rawinsonde profile for 15 July, 2253 UT, Figure 4b, are discussed. A stratus deck
existed between 250 m and 650 m. Gradients are observed in the potential temperature and
specific humidity throughout the boundary layer. This is not the case for the well-mixed
boundary layers observed on 19 July (cf. Figure 6b). The large jumps in the potential
temperature above the cloud tops are characteristic for the area. They are an effective
lid on the boundary layer, preventing strong mixing of air between the boundary layer
and the overlying free atmosphere. Moist layers due to advection are observod in the
upper air. The vector winds are seen to be quite variable between the various layers.
Changes in wind direction of 180 degrees over distances of less than 100 m are observed.

3.2 TIM SRIS Or SOtIACR EXTINCTION

Figures 3d and 3e show the 3-day time series of surface extinction coefficients at
1.06 }am and 10.6 "im, calculated from the particle size distributions measured on the R/V
Point Sur. The diurnal variation in the extinction coefficients follows the diurnal
variations in the meteorological parameters, i.e. wind speed, Radon concentration and
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Figure 4. Rawinsonde profiles from the R/v Point Sur for 14, 15 and 16 July, for 2200-

2300 UT.

relative humidity. Some of this variation is caused by the continental aerosol being
advected from the US Mainland as seen in the afternoon of 15 July when the Radon
concentrations peaked to 60 pCi/ml. In the far infra-red, the diurnal variation is
caused in part by the variation in the sea-salt production in response to the wind
speed. Overall, a slight decrease in the extinction coefficients is observed.

The extinction coefficients obtained from near-simultaneous (both in time and
geographically) aerosol measurements by the NOSC airborne platform and the R/V Point Sur
on 15 July are indicated. The airborne data are for an altitude of 120 M. The data are
compared with NOVAM surface predictions, calculated every 3 hours from the observed
meteorological parameters. Good agreement exists between the measured and NOVAM-
estimated values.

3.3 SZMULTANOOUB AIRORAUT AND BALLOON FLIGHT8

3.3.1 GNERUAL COMMENTM ON IVALUATION

Simultaneous aircraft and balloon flights were considered under two different
meteorological conditions, stratum and clear skies. The vertical structures of the
meteorological and the optical/IR properties of the marine boundary layer were compared.

The purpose of having simultaneous flightalls two fold. First, to see the variations
between island-based and upwind measurements, and second, to compare the two
instrumentation packages in situ for data validation considering different system
performance accuracies. This applies to both the meteorological instruments and the
devices used to determine the optical/IR properties. These instrument accuracies
influence both the NOVAK estimates and the data to which they are compared.

3.3.2 STRATUS CANN& 15 JULY 1957

Evaluation of the NOVAK stratus model utilized the aircraft- and balloon-derived
meteorological profiles and surface-based observations for the stratus conditions of 15
July 1987, 1500-1700 (PDT). A uniform stratus layer (100% cover) existed at and upwind
of SKI with a base around 400 m end tops at 700 m. Winds were northwesterly at 5 %/a.
Cloud base at SNI was determisied at 320 a from the balloon liquid-water measuremen s.
Drizzle was observed at the ground1 Extinction coefficietnts fluctuated from 80 km-ý in
the cloud, to low values (0.01 km- ) above the cloud layer. The balloon RH instrument
was pagged at 100% throughout the whole boundary layer. Upwind, however, the relative
humidity below the clouds varied in the vertical between 95% and 100%, as determined
from the aircraft date. The surface relativ2 humidity at the R/V Point Sur,
approximately 30 NM upwind from SKI, was 92% (Figure 3). This is a classic case of a
stratum dock in which warm dry conditions existed above the moist marine stratus layer.

In Figures 5a through c we show the extinction profiles for wavelengths of 0.55, 1.06 .*

and 10.6,jum from all available sources, including the NOVAS estimates below the cloud
base. NOVAK presently incorporates two models for the stratus condition, the selection
of which is determined by the desired wavelength. For wavelengths les than I pm or
greater than 11 =m a mixed-layer model is used (Figure 5a). For wavelengths between 1
and 11 •m the slb-atratus model is used (Figures 5b and a), NOVAK does not support

, conditions of 100% relative humidity, nor does it support situations in which
precipitation occurs. The NOVAK comparison of Figures Sa through c utilized the NOSC
aircraft data because tbe NRL instrumentation at SKI recorded relative humidities of

:: 100% and precipitation was observed.

Figure 5a shows the AMP sensitivity of NOVAK for the visible wavelengths. Note that
NOVAK selected the mixed-layer model for these calculations because the sub-stratus
model does not apply to wavelengths smaller than 1 1,*. The fluctuations in the

S,-:
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extinction coefficients determined from all sourced are generally contained within the
AMP limits. In the regions around 120 a and those above 320 a, where the extinction
coefficients are outside the NOVAK bounds, the aircraft-observed relative humidities
approached 100% - a region where NOVAK is not applioable. The problem here is that the
hygroscopic aerosol (like sea malt droplets in the KABL) can be activated when relative
humidities go slightly oylr 100%. The activated aerosols grow in size very fast and
behave as cloud droplets and cannot be described by equations that apply to
subsaturated aerosol. This puts them into the arena of fog or cloud physics, and outside
of the realm of aerosol modeling - including the capabilities of NOVAK. Figure 5d shows
the liquid water concentration profile and Figure 5s the measured size distributions
associated with this supersaturation phenomenon.

Figures 5b and c show the extinction profiles for 15 July for the sub-stratus model.
The sub-stratus model is not as sensitive to the AMP as the mixed-layer model.
Differences between the meanured extinction coefficients and NOVAK estimates are in the
high-humidity regions just described. The peak in the size distributions shown in Figure
So affects the far IR more than the near IR.

The dilemma for model verification studies is how to avoid oases where activation is
taking place but yet test the model at relative humidity values just below 100%. This
dilemma arises because of the uncertainties in both measurement accuracies and
horizontal variations of relative humidity. The activation problem can be avoided by
excluding all cases where the apparent relative humidity is greater than some trigger
value.

3.3.3 CLEAR SKY CONDITIONS: 19 JULY Z967

on 19 July 1987 the sky was clear and the visibility was essentially unrestricted.
The winds were northwesterly at 6.5 a/s. The base of the inversion was at 400 metera and
the top at 575 M. For clear sky condttions, NOVAK uses the mixed-layer model. Figure 6a
shows, for the visible wavelength (0.55 pm), the NOVAM-estimated and aerosol calculated
extinction profile. An excellent agreemdnt between the NOVAK predicted and aerosol
calculated extinction profiles could be obtained for an AMP between 1 and 10. The curves
shown are for an AMP of 2.
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Figu:re 6. Profiles for clear air case of 19 July:
a. extinction profiles at 0.55 )w, derived from the aerosol measurements with the

balloon (4) and with the airbraft (0). The line im the NOVAH-estimated extinction
profile for AMP-2, the iroken linea are for AMP's of I and 10. The NOVAM-estimated
extinction profile is within the envelope of the experimental data for 90% of the
time. This profile would thus be graded "A" (see section 3.4).

b, potential temperature and mixing ratio profiles.
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3I. 4. * ZMZYZA V&LZJW!ZON 5W01ARY

In any model validation study certain criteria hava to be established by which the
performance of the model can be judged. For this initial NOVAK validation the oriterium
is how well the estimated extinction profiles compare to the experimental values. The
envelope of experimental values define the acceptable limits for the NOVAK estimated
values. If 90t of all data points in the estimated NOVAKI profile were within this
envelope, the profile was graded "A", 50% was graded "B". If 90% of all NOVAK--stimated
data points was within twice the experimental envelope the profile was graded "C", 50%
within twice the experimental envelope was graded "D". Everything outside these limits
was graded "F". For the visible wavelengths, the results of this grading procedure for
all the balloon and aircraft flights during the EONET participation to FIRE, 15-25 July,
are shown in Fiqure 7. in general a reasonable agreement existed for this initial
evaluation in this West-Coast environment.

NOVAM Grades
"A"J efihln i.E. ew.lmIm• SO f lime

"U"66 "a~h iE Wp. Nos of N..

"C". wllN 2X @% m woe 050 of thm
"0"M W"~ IX 40k. 6.e66" BOX of thn~e

(SNI 1987)

Figure 7. Summary of initial NOVAK validation for the
visible wavelength.

4 * OONOLUSXONI

NOVAK is an empirical model based on mean meteorological conditions and assumes a
simplified marina boundary layer structure. Given a full set of meteorological inputsI' 3

it will estimate the extinction profiles for the visible and XR wavelengths. Based on a
limited data base the following conclusions can be made:
1. The NOVAK estimates for visual wavelengths fall within the experimentally observed

values for 71% of the cases (grades A and B in Figure 7). Reasonable agreement was
observed in 22% of the cases and a real failure in only 7% (1 case).

2. NOVAK is not applicable for conditions where the relative humidity approaches 100%.
3. The NOVAK estimates are sensitive to the value of the AMP, a parameter which is not

normally measured. Techniques are being incorporated which estimate the AMP from
other meteorological inputs.

4. This initial evaluation does not include a study of the sensitivity of NOVAK for
cases when only a few of the required meteorological input parameters are available.
Also, it does not include the validation summaries for the XR wavelength regions.

5. The results from the initial evaluation of NOVAK are encouraging. However, NOVAK is
not yet ready for distribution because the evaluation for other wavelengths, and in
particular the evaluation of the default models, has not yet been completed.

6. For NOVAK to be generally applicable, similar evaluations must be made for other
geographical areas with different meteorological and oceanographic characteristics.
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MODELING MILLIMETER-WAVE PROPAGATION EFFECTS IN THE ATMOSPHERE
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SUMIARY

Two millimeter-wave propagation models, called MPH and MZM, are discussed. The first one predicts, at
frequencies up to 1000 GHz, loss and delay effects for a :onprecipitating atmosphere. Contributions from dry
air and water vapor are addressed, as well as suspended water droplets that simulate fog or cloud conditions.
For clear air, a local spectral line base is employed (44 0 + 30 H.0 lines) complemented by an empirical water-
vapor continuum. Droplet effects are treated with the approximate Rayleigh scattering theory. Input varilbles
are barometric pressure, temperature, relative humidity, and droplet concentration.

At heights between 30 and 100 ki, the spectral lines of oxygen result in an anisotropic medium due to the
geomagnetic Zeeman effect. The computer program NZI4 was developed to analyze propagation of plane, polarized
radio waves in the vicinity (t10 1I4z) of 0 linc centers positioned in the 60-GHz band and at 119 GHz. Results
are displayed that demonstrate many aspects of the unusual wave propagation through the mesosphere.

1. INTROOUCTION

The parameters of a radio wave are modified on propagation through the atmosphere. In general, such
influences are due to refraction, absorption, and scatter. The complex refractive index, n - n' + In", is a
measure of the interaction of electromagnetic radiation with the medium and depends on frequency and atmo-
spheric conditions. Its real part, n', exceeds unity by a small amount (n' - I ý 0.0004), slowing the
propagation velocity to values less than speed of light in vacuum, while the positive imaginary part (n")
pertains to a loss of wave energy.

Complex refractivity, expressed in units of parts per million,

N - (n - 1)106 - N, + N'(f) + iN"(f) ppm, (1)

is a sensible measure of electromagnetic properties exhibited by the atmosphere. Frequency-independent
contributions, N,, and respective refraction and absorption spectra, N'(f) and N"(f), can be specified.

Refractivity N is the center piece of models that characterize atmospheric radio-wave propagation. Two
methods are discussed here to compute refractivity: In MPM, the standard case of an isotropic medium is dealt
with (1]; on the other hand, in MZM a very special case is treated where, in the mesosphere, the medium
behaves anisotropically and wave transmission depends on location, direction, and polarization [2].

1,1 Standard Atmospheric ProgaaationaJ•

Free propagation of a plane wave in the z-direction is described by

E(z) - exp[ikz(] + N)] Eo (2)

where E(z) is the electric field strength at a distance z along the ath, which may be curved by refractive
gradients Re(dN/dz) according to Snell s law; E. . E(z - 0) is the fn iti al value; k - 2Wt/c is the free
space wave number, and c is the speed of light in vacuum, Assuming the units for frequency f in GHz and for
refractivity N in ppm, we have in more practical terminology the dispersive propagation rates of power
attenuation a tnd phase lag P (or delay time r); that is,

a - 0.1820 f N'(f) dO/km
and (3)

P - 1.2008 f N'(f) deg/ks , or
r- 3.3356 N'(f) ps/km

where 0.1820 - (4p/c)10.log a, 1.2008 - (2w/c)(180/w), and 3.3356 - 1/c.

Program MPH has five modules: (a) nondispersive refractivity N., (b) contributions from 44 02 and 30 HKO
local (t 1 THz) lhim spectra, (c) the nonresonant dry air spectrum, (d) an empirica'l water vapor continuum
that reconciles discrepancies with experimental absorption results, and (e) a refractivity due to suspended
water droplets. Two additional modules estimate haze (i.e., reversible swelling or shrinking of hygroscopic
aerosols when relative humidity varies between 80 and 99.9 %) and rain effects 1], but are not discussed
here.

Section 2 gives the particulars how to compute refractivity N from five input parameters:

frequency f 1 - 1000 GHz,

barometric (total) pressure P 110 - 10"1 kPa,
temperature T -50 - 50 C, (4)
relative humidity U 0 - 100 %RH I and
suspended water droplet concentr. at 100 ,RH W 0 - 5 g/m .
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The spatial distribution of these variables along a radio path specifies an inhomogeneous propagation
medium (3), a case not treated here. The 0z Zeeman effect is approximated in MPH so that the height range can
be extended to 100 km, but trace gas spectra (0,, CO, N20, CIDO, etc.) are missing.

1.2 Anisotrookc Prooaoation In The Mesosohere (UZNI

At high-altitude (30 - 100 kmn) pressures, the 0 lines appear as isolated features and their spectral
Isignature is governed by the Zeeman effect due toihe geomagnetic field. The magnetic flux density B varies
with location and height and splits each line into three groups of Zeeman components [see (20)] tha% are
spread, proportional to a., over a range of a few megahertz. The spatial dependenceof these three groups
leads to araisotropic interactions with an electromagnetic field.

Following (2), the propagation of a plane, polarized wave is formulated by

L(z) - exp[lkz(12 + N2)] 4 , (5)

where z Is the distance along a straight.-line path. For the x/y-plane of polarization (orthogonal to z) we

define J(z), a two-dimensional field vectur; [ " L(z-0), the initial value; I2, the 2x2 unit matrix; and
a 2x2 refractivity matrix. Analysis of the complex field E implies a shorthand notation for

Reexp(-i2sft) 11. As the tim t Increases through one cycle, this real vector describes an 'ellipse of
polarization'. The program MZM was developed (2] to solve (5) for a spherically stratified mesosphere (i.e.,
concentric height Intervals of 1 km between 30 and 100 km (13]) as detalled in Section 3.

2. THE MPM MODEL
The concept of an atmospheric millimeter-wave propagation model in the form of N(f) was Introduced in (3].

Nodular, quantitative relationships correlate meteorological conditions encountered In the neutral atmosphere
with refractivity formulations. Contributions by dry air, water vapor, and suspended water droplets (haze,
fog, cloud) are covered in (1]. Refractivity of air can be obtained, in principle, by considering all known
resonant, far-wing, and nonresonant radio-wave interactions with the matter in a given volume element.
Various degrees of approximations have been employed to reduce labor and computer time, as well as to bridge
unknown spectroscopic information.

2.1 Atmospheric Model Parameters

Atmospheric input parameters Are converted into internal model variables; that is,
temperature T (*C) into a relative inverse temperature variable

$ - 300/(T + 273.15); (6)

and relative humidity into
U - (e/e,)100 ý 100 %RH , (7)

whereby the temperature dependence of the water vapor saturation pressure e, (100 %RH) is approximated, and
in turn, expressed as vapor pressure e or concentration v; i.e.,

e - 2.408.106 U 0' exp(-22.64 9) kPa

v - 7.223 ea g/m . (8)

Equation (8) allow one to correlate relative (U) and absolute (e or v) humidity and thus to separate the
total pressure into partial pressures for dry air and water vapor (P - p + e).

Suspended water drnplets representing fog or cloud conditions are described by a water droplet con-
centration W, which can be deduced from measured drop size spectra or estimated as path-average from optical
visibility data. Cloud coverage is a frequent event that typically occurs half of the time with vertical
extensions of up to 2 km. Whenever a concentration W Is considered In MPM (i.e., (9) and (15)], the relative
humidity has to be set to U - 100 % (e -a).

2.2 Complex Refractivity

The total complex refractivity in MPM consists of nondispersive and dispersive parts, N, N, + N(f).
Nondispersive refractivity is terms of P - p + e(U), 0, and W follows from

N, - (2.589p + (41.630 + 2.39)e]9 + W(1.5 - 4.6/(c, + 2)] , (9)

with e, - 77.66 + 103,3(9 - 1) being the static permittivity of liquid water (see equation 16).

Dispersive complex refractivity is assumed to be the sum of four contributions,

wN(f) - NM(f) + N1(f) + NS(f) + N,(f), (10)

where NL represents local (5 I THz) line contributions,
* N i and Nv are dry air and water vapor continuum spectra, and

Nv is the refractivity spectrum due to suspended water droplets.

2.3 Local Line Absorotion and Dispersion

A Iine-by-line summation of local spectra by the two principle absorber molecules, 02 and H1O, yields the
the refractivity contribution



18-3

N- = I SJFJ(f) + 1 SkFk(f) (11)
J.~1 W.

where S is a line strength in kHz, F - F'+ 1f' is a complex shape function in GHz"', and j,k are the line
indices. The Van Vleck-Weisskopf shape function, modified by Rosenkranz [5],[6] to include pressure-induced
line interference, was selected to describe line broadening as follows:

F(f) - (f/eat)el - M1)/(0o- f - PI) - (I + ib/av(y+ f + ly)] (12)

defining dispersion [Re F - F'(f)J and absorption [Is F - F'(f)] spectra [1], and the parameters are:

Symbol 02 Lines in Air (J) H.O Lines In Air (k)

strength S, kHz a11*O6p03 exp(a 2(1 - 0)] b1e13'sexp[ba(o - I)] (12a)

width y, GHz as10 3I(pOOe'a A) + l.1e1) b31O' 3(pGb4 + bee0M) (12b)

interference 6 (as + s69)1 O'Spo0.C 0 (12c)

A current set of line center frequencies VO and spectroscopic coefficients a, to a. and b to b6 for strength
S, pressure-broadened width y and interference I is given in Table I of reference (1]. The computing
efficiency of MPM can be improved by approximating the temperature dependence of the width of water vapor
lines by setting su4arily b. - 0.7 and b. w 0.9.

Zeeman-splitting of O0 lines has to be taten Into account for altitudes above 30 km. Model MZM was
developed to treat this special problem (see Section 3). A rough estimate of oxygen line behavior in the
mesosphere is made in MPH by replacing the widths ._ (12b) with

Yjh - [j12 
+ (25,eo)Q]¶/2 GHZ , (12d)

where the geomagnetic flux density BS is in microtesla (pT). Doppler-broadening of H2O lines at heights

above 50 km is considered by substituting the width Ik with a(YO in GHz)

lk' - Ilk' + 2,.14.10 2'vO,k2 /1 1 /2  GHz . (12e)

2.4 Nonresonant Dry Air Spectrum

Nonresonant refractivity terms of dry air make a small contribution (3],

N(f) - Sd( 1/[' - i(f/14)j - 1) + iNp*, (13)

due to the 02 Oubye spectrum, S. - 6.14,10"pt' (klez) and 7d ' 5.6.10"3(p + 1'le)9'° (GHz) [4],

and pressure-induced nitrogen absorption, NP" - 1.40.10"10f(1 - 1,2,10"f 50')p2'0.

2.5 Watr.Vait lir Continuum

The real part of the water-vapor continuum spectrum, N.', is a theoretical estimate, while the loss term,
NY , is an empirical formulation leading to [1]

NV'(f) - f 2(1 - 0.20,#)e00 3101 and Nv1(f) o f(be + bp)e9310"s , (14)

where b. - 3.57.6705 and b. - 0.113. Equation (14) supplements the H20 line contribution NLk (00).

Experimental attenuation rates ae of moist air generally exhibit more water-vapor absorption than is con.
tributed by the H.O line base. The excess is most pronounced in atmospheric millimeter-wave window ranges.
Continuum absorption N." was determined by a series of accurate laboratory measurements in the 140-GHz window
range where absolute attenuation v(,P,T,U) was measured at f - 138 GHz for both pure water vapor and moist
air conditions [7]. The b.-term of (14) with its strong negative temperature dependence, so far, has not
found a sound theoretical explanation. Hypotheses about its origin consider wing contributions from self-
broadened H,O lines above 1 THz, collision-induced absorption, and water dimers. These three effects may be
involved separately or collectively [6],

2.6 Susnended Water Droplet RefractivLtyJ

Suspended water droplets in fogs or clouds are efficient millimeter-wave absorbers. Their maximum radii
are below 50 #i, which allows the approximate Rayleigh scattering theory to be applied to formulate complex
refractivity contributions [8],

Nw(f) - WC1.5 - 4.5/(t + 2)] • (15)

The complex permittivity spectrum of liquid water, e, is given up to 1000 GHz by a double-Debye model,

(f) - (Ef - 10)/(1 - W(f/f 01)] + (E - t'2)/[' - 1(f/f 0 )1 . (• , (16)

where ec is given at equation (9); the high frequency constants are c, - 5,48 and (2 " 3.51,
and the'two relaxation frequencies are (in GHz)

F1 - 20.09 - 142(0 - 1) + 294(0 - 1)2 and

D2 5 - 1600(o
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Fig. I. Atmospheric dispersive refractivity N - N'(f) + MN"(f) over the frequency range from 0 to 1000 GHz
for a sea level condition (P,T) at various relative humidities (0).
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Fig. 2. Attenuation (a) and delay (r) rates for fog cases (W - 0.1, 0.25, 0.5 g/m3) added to a saturated seA
level condition. Also shown are dry air (0 %R/H) and moist air (10, 50 ERH) characteristics.
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The parameters in (16) are best fits to measured permittivity data reported for frequencies up to 1000 GHz
over a temperature range from -10 to 301C.

2.7 MfNamulu

Examples for a sea level condition exhibit spectra at various relative humidities (U - 0 to 100 %RH) In
Figure 1. Molecular resonance absorption can be recognized in the 60-GHz band, at 119 GHz, and higher due to
02, as well as around 22, 183 GHz, and higher due to HIO. Across the spectrum one notices more or less
transparent window ranges separated by molecular resonance peaks. Above 120 GIiz, relative humidity (7) is a
key variable to describe the dominating water vapor effects of absorption and dispersive refractivity.

Systems designed for the millimeter-wave (90 - 350 GHz) range offer an attractive alternative to electro-
optical schemes when operation has to be assured during periods of optical obscuration. Water droplet
effects (15) of MPH are added to the state of saturated (U - 100 %RH) air by specifying a concentration W.
Typical attenuation and delay rates due to fog are displayed in Figure 2.

3. THE MZM MODEL
The mesosphere lies between the stratosphere and thermosphere from somewhat above 30 km in altitude to

about 100 km. Air Is dry and the environmental parameters are pressure P (1.2 to 3.10"5 kPa) and temperature
T (-2 to -87"C) taken from the U.S. Standard Atmosphere 76 (13]. Oxygen line absorption is strong enough to
affect radio propagation. Because the pressure is low, the lines are very sharp and new phenomena appear due
to the Zeeman effect. The geomagnetic field (magnetic flux density B. can vary from 22 to 65 AT) splits each
line into a number of sublines, and, furthermore, how these sublines react to an electromagnetic field
depends on its polarization state. Over a few megahertz around the line centers, the medium is anisotropic,
making radio waves subject to polarization discrimination And Faraday rotation. The physical reasons for this
behavior and possible applications are discussed in references [9]-[12]. This background led to MZM, which
shows how wave propagation in the mososphere can be handled (2].

3.1 Oxvaen Line Properties As Influenced By The Geomagnetic field (Zeeman Effectl

The 02 molecule interacts with radiation via its magnetic dipole moment. Rotational energy levels of the
linear molecule have approximate values given by the formula BK(K+1), where B is related to the moment of
inertia of the molecule and the "quantum number" K is an odd integer, The microwave lines originate from the
fine structure of the K levels caused by the electron spin. For each K, the "total angular momentum" quantum
number takes on values J - K-I, K, K41. Transitions can take place between the K and K+I levels and between
the K and K-i levels and are labeled the K* and K' absorption lines, respectively.

The program MZM Is relevant only ±10 MHz around isolated line centers V (K*) but operates in principle
over ±250 MHz. Each line strength and width Is calculated with (12a,b). ýenter frequencies vo and
spectroscopic parameters a, a and a are listed in Table 1 for 40 0 absorption lines. Most of the 60-GHz
lines are generally separated Vy about 500 MHz; since the line width &love 30 km is 20 MHz or less, each line
is well isolated. There are four cases where K' lines are separatod by only about 100 MHz. These lines must
be treated as "doublets" to account below h w 50 km for overlapping contributions.

Pressure decreases with altitude and the 02 width approaches the Doppler width (vo in GHz)

1 - 1.096.10"WO'v/9 1  GHz , (17)

which is associated with a Gaussian shape function. 'he transition between pressure and thermal broadening is
handled theoretically by a Voigt line shape (convolution of Lorentz and Gauss functions) [12]. Following
[14], it is adequate to retain the Lorentz shape function (i.e., first term of equation 12) and to suppose
that the width 1, (12b) is replaced by

Yh - 0.535y + (0.21712 + v72)10 2 GHz . (18)

Each of the fine structure J-levels is degenerate since the corresponding states have random azimuthal
motion. The quantum number M of azimuthal momentum can be any integer from -J to +J. When the 02 molecule Is
subjected to a static magnetic field, a force is acting on the internal magnetic dipole. The resulting
precession about the field affects the rotational energy in a manner directly related to the azimuthal
quantum number M. The level then splits into 2J+1 few levels. This elimination of degeneracy is called the
Zeemian effect.

There are stringent selection rules for transitions between the many energy levels. When J changes by
one, then simultaneously M can either raemin fixed or else also change by one. Furthermore, each of those
transitions can arise because of interaction with only one component of the electromagnetic field. The line
components obtained when M is unchanged are called the w components and arise from interaction with amagnetic field vector that is linearly poaie ntedrcino .When M changes by t1, the a' or a'
components are excited by a magnetic field vector which is circularly polarized In the plane perpendicular to
J. The a* (o') components arise from a right (left) circularly polarized field, This anisotropic behavior
is explained by noting that circularly polarized forces along the axis of rotation ought to change the
azimuthal motion. Each set of components of the K* line contains 2K+1 sublines, while the K line contains
2K-1 sublines.

The line center frequency of a single Zeeman component is given by

JOG -v + 28.03.10"6114 80 GHz (19)

where Y Is the center frequency of the unsplit line, Be is in AT, and qm ý tl is a coefficient that depends
on K', A, and AM. A geomagnetic field of 50 AT spreads the Zeeman components over about ±o t 1.5 MHz.
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Table I. Line Frequencies VY and Spectroscopic Coefficients a,,12, for Microwave Transitions of 02 in Air t.
K± ao 1 a 2 a 3

GHz kHz/kPa GHz/kPa

x10-
6  x10-

3

39- 49.962257 0.34 10.724 8.50
37- 50.474238 0.94 9.694 8.60
35- 50.987749 2.46 8.C94 8.70
33- 51.503350 6.08 7.744 8.90
31- 52.021410 14.14 6.844 9.20
29- 52.542394 31.02 6.004 9.40
27- 53.066907 64.10 5.224 9.70
25- 53.595749 124.70 4.484 10.00
23- 54.130000 228.00 3.814 10.20
21- 54.671159 391.90 3.194 10.50
19- 55.221367 631.60 2,624 10.79
17- 55.783802 953.50 2.119 11.10

1+ I 56264775 548.90 0.015 16,4615-[ 56.363389 1344.00 1,660 11,44

13- 56.968206 1763.00 1.260 11.81
11- 57.612484 2141.00 0.915 12.21

9-i 56.323877 2386.00 0.626 12.66
3 58.446390 1457.00 0.084 14.49
7- 59.164207 2404.00 0.391 13.19
5+ 59.590983 2112.00 0.212 13.60

S 60.306061 2124.00 0.212 13.82
7+ 60.434776 2461.00 0.391 12.97
9+ 61.150560 2504.00 0,626 12.48

11+ 61.800154 2298.00 0.915 12.07
13+ 62.411215 1933.00 1.260 11.71
3-5 62.486260 1517.00 0.063 14.68

15+ 62.997977 1503.00 1.665 11.39
17+ 63.568518 1087.00 2.115 11.08
19+ 64.127767 733.50 2.620 10.78
21+ 64.678903 463.50 3.195 10.50
23+ 65.224071 274.80 3.815 10.20
25+ 65.764772 153.00 4.485 10.00
27+ 66.302091 80.09 5.225 9.70
29+ 66,836830 39.46 6.005 9.40
31+ 67.369598 18.52 6.845 9,20
33+ 67.900867 8.01 7.745 8.90
3b+ 68.431005 3.30 8.695 8.70
37+ 68.960311 1.28 9.695 8.60
39+ 69.489021 0.47 10.720 8.50

1- 118.750343 945.00 0.009 16.30

Table 2. Relative Shift (n.) and Strength (ý.) Factors for the Zeeman Components

- Lines K"- Lines

transitions nNX N(• M MsK H

N ) 3 ( (K+i) 2-N2 N(K+2). 3 (K 2..M2 )
(AM-C) X(K+I) (K+l) (2K+I) (2K+3) K(K4-) K(2K+I) (2K-i)

a M (K-1) -K 3 (K-+±) (K-N#2) M(K+2) -1 3 (K-M+I) (K-m)
(AM-I) K(K+I) 4 (-+0) (2K+i) (2K+3) K (K+I) 4K(2X+I) (2K-I)

" X (K-i) +K 3(K+M.+L) (K+N÷2) N(K+2)+l 3 (K+M+1) (K+M)
(AM--I) K(K+1) 4(K+I) (2X+I) (2K+3) KK+I) 4K(2K+I) (2K-1)



Each of the three sets of Zeeman components leads to a refractivity spectrum,

N,(f) - - S f, F,(f) , (20)

where the subscript I - o, +, - designates * and o9-components, respectively; the function F is a single
Lorentzian [first term of (12), 5 - 0, and f/lY, - 1] plus line strength S and line width 1, both independent
of M, and equal to the values given by (12a) and (18). The scheme to calculate the coefficients r. and C. for
the individual Zeeman components of each K' line Is given in Table 2 [2],[12]. based on the work by Lenoir
[10]. Note that YvW equals I in the case of N and 1/2 for the other two (N,). When B. - 0 in (19) all the
functions F, are equal and the terms in (20) ad so that 2N. - 2N. - N. - NL.

Magnitude and direction of the geomagnetic vector R are calculated with the geocentric model MAGFIN, which
is updated with 1985 coefficients [15]. To allow for geodetic input coordinates (LAT itude, LON-gitude, and

ALT itude above sea level), a small correction to latitude and altitude is applied to account for the
flattening (1/298.25) of the Earth. It follows that path lengths traced through the mesosphere in N-S
directions are slightly less than those in E-W directions (see Fig. 6).

The three spectra N, are components of the constitutive properties in the mesosphere. Since it is the
paramagnetic properties of oxygen that bring about the absorption lines, it is the magnetic permeability that
is affected. The relative permeability of an anisotropic medium is formally a tensor of rank 2,

p, - I + 2N (21)

assuming N is on the order of 10"6, and I is the unit tensor of a coordinate system for the basis gj . {zI
3nd N is represented as a 3x3 matrix. When the z-axis is pointing in direction -"go of the geomagnetic
vector k, we have

N N- N.) N + N. 0 (22)

[ - (N:-+N. -(N - N.)N (22o 0 N,

where N., N., N. are complex-valued functions of frequency expressed by (20). The shape of thcse functions
is illustrated for an example in Figure 3.

3.2 Basic Eouations For Plane-Wave Propagation

The tensor N may be introduced in Maxwell's equations in the form of (22) and a plane-wave solution
formulated [2). Suc., solution takes the form of (5). The electric field strength I is a 2-dimensional
vector in the xy-pl'ne and N, is a 2x2 submatrix of N. The real unit vectors I , e define the plane of
polarization which combines with _P, the direction of propagation, to form a righthanded orthogonal triad.

The refractivity tensor N was represented as a 3x3 matrix of the anisotropic medium. It depends for its
definition on h, the unit vector in the direction of the geomagnetic field. To obtain the 2x2 matrix N7
acting on the plane of polarization of the radio wave f(z), we let 0 be the angle between the geomagnetic
field and the direction of propagation, that is, between go and q . Then the rotation of the "old'
coordinate system with basis Ig. g' e.1, in which N is represented as in (22), and the "new' system with
basis I_% e y _el gives N2 .

A physically natural approach was to treat refractivity and its propagation effects as associated with the
magnetic wave vector H, which was then changed via the impedance of free space to the corresponding electric
field vector 1. The vector I is not orthogonal to H but the discrepancy is only of order N. It follows that
the refractivity matrix in (5) is given by [2]

r .[ N 2sln + (N. + N.)cos 20 -i(N÷ - N.)cos(
N- Li(N. - N.)cosO N.+ J (23)

3.3 Characteristic Waves

The computation of the exponential in (5) may be carried out using the technique of spectral decomposition
of the square matrix N2 [16]. We look for complex numbers p (the "eigenvalues") and vectors v (the
"corresponding elgenvectorso) that satisfy

Nz 1 " P Y •(24)

To solve (24), we first treat the scalar equation (the "characteristic equation') [2]

det(pI - Nz) - 0 . (25)

Since these are 2x2 matrices, this equation is quadratic in p and there should be two solutions p, and p.
Given these numbers, it is possible to find the corresponding elgenvectors y, and v. Whenever the initial
field f. equals an eigenvector, then (5) becomes

1,,,(z) - exp[ikz(1 + P1.2)] Y,2 • j26)

The two vector functions y,(z) and y,(z) are plane-wave solutions to Maxwell's equation cailed characteristic
waves. They have the property that, while they may change in amplitude and phase, they always retain their
original appearance and orientation. The two elgenvectors are linearly independent, and for any initial
field we may find complex numbers E, and E, , so that

Lo- E, 11 + E2 y . (27)
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Then the exponential in (5) becomes

1(z) - eIkz[Elexp(ikz p,) y, + Ezexp(ikz P2) Y2] (28)

The field vector is now represented as a linear combination of the two characteristic waves.

The eigenvalues, P, and p have the same order of magnitude as the N, values and have positive, generally
differing, imaginary parts; jence, as z increases, L(z) decreases exponentially and one of the two components
drops faster than the other. After some distance z, J(z) approaches the appearance of the remaining
characteristic wave. Also, the real parts of the uigenvalues can differ. The two characteristic waves travel
at different speeds through space and the phase relation between the two components in (28) varies
continuously. In the process, the ellipse of polarization exhibits a "Faraday rotation."

Eigenvalues and eigenvectors are computed with

and PIP 2 " det(Nz) 4NN.cos2O + NU(N, + N.)sin2o (29)
91 + p2 - trace(Nz) - 2(N, + N.) + (N, - N, - N.)sin¢ ,

from which p and p may be found. These complex-valued functions depend on frequency and orientation angle
as demonstrated by ihe example in Figure 4. Let us suppose that p is one of these two and that we seek the
corresponding eigenvector 1. Its components have the values v., vy, so that (24) becomes a set of two
equations in these two unknowns. The second of these equations is

and one solution is i(N. N.)cos# v, + (N, + N_)vY vy (30)

v.- p - N- N. and vy . f(N, - N.)cos# . (31)

Since p Is an eigenvalue, the first equation is also satisfied. The two eigenvectors, v1 and v2 , of (27) are
usually not orthogonal.

A special case occurs when # - 0. The solutions to (29) are p, - 2N+ and p - 2N., and when these are
inserted into (31), the corresponding etgenvectors are, respectively, rtight circularly polarized and left
circularly polarized and the z-axis is the direction of the geomagnetic field. When 0 - x/2, the etgenvalues
are N* and N4 + N., and the corresponding eigenvectors are linearly polarized with the E vector pointing
respectively along the x-axis and along the y-axis.

3.4 Polarization And Stokes Parameters

The polarization of a radio-wave field changes as it pro pagates through the Zeeman medium and we have to
quantify the polarization. The vector 1 (5) describes an "ellipse of polarization" that can be characterized
by Stokes parameters. These are discussed in many texts (e.g., [17]) and here we summarize only some of their
attributes.

Let L lie in the x,y-plane and E., El be the complex-valued field components. Then the four Stokes
parameters go, are real numbers given by

go "E 11+ lEYiZ g, = -E.1 2 " IEY1 2  g2 " 2 Re[E,* Ey] g3 " 2 Im[E x EY] (32)

where the star indicates the complex conjugate. We note that go is positive and equals the total field
strength and recognize that

g - g 2 + g2
2 + g,2.

In a three-dimensional space with g1, ga, g3 axes, the Stokes parameters of a field vector lie on the
surface of a sphere of radius go. This is the Pofneard sphere and provides a geometric picture of the field
vector polarization. Given the Stokes parameters, we can write for some phase angle 0, that

E, - [(go + gl)/2],/ze¢ and Ey - ((ga + ig3)/[2(go + gl)1]j)eI . (33)

The vector L determines within the phase angle 0 the Stokes parameters and vice versa. Since the absolute
phase of the field remains undefined, the Stokes paramters represent all the useful Information for the
field. What relates the parameters directly to the ellipse of polarization is th. representation of the
Poincard sphere in spherical coordinates

g, - g0 cos2r cos26 , g2 - go cos2r sin26 , g3 - g sin2r . (34)

It turns out that 6 (0 ý 5 < %) is the angle between the waJor axis of the ellipse and the x-axis, while
tant - tb/a (-*/4 g r & w/4), where a and b are the major and minor semiaxes and the sign is chosen
according to the sense of rotation. Thus the four Stokes parameters provide a complete description of the
polarization.

If one limits the discussion to polarization, the Stokes parameters can be normalized by dividing them all
by go and the PoIncar4 sphere has unit radius. Treating this sphere as a globe, the northern hemisphere and
the north pole correspond to right-hand polarization and right circular polarization (RC), while the southern
hemisphere and the south pole correspond to left-hand polarization and to left circular polarization (LC).
The equator corresponds to linear polarization with "oast" at (gl,g 2 ,gs) - (1,0,0) corresponding to polari-
zation along the x-axis (HI) and "west" (-1,0,0) to polarization along the y-axis (VL).



An alternate way to describe polarization uses the complex number p defined as a ratio of the two field

components [18]. From (33) one obtains

p - E/E, - (92 + 1g3)/(g0  + g), (35)

(when EX - I then p - IE Iel ) and, when the Stokes parameters are normalized,

gi _ (1- _Pl2)/(l + Ip1l) , g2 + '93 - 2p/(l + jpj1) (36)

The real p-axis corresponds to linear, the upper half-plane to right-hand, and the lower half-plane to left-
hand plarlzations. The points p - 1, -4, 0, and v correspond respectively to right circular, left
circular, linear along the x-axis, and linear along the y-axis polarizations. The advantage of notation (35)
is the fact that the seemingly complicated polarization description has been reduced to a single number. The
disadvantage Is a lack of symmetry between small values of p (near g1 = 1) and large values (near g, - -1).

3.5 HZM Model reatures And Propagation Examples

Generally, a radio wave is defined as a linear combination of tI; two characteristic waves (28). Horizon-
tal and vertical field components [E (HZE) - 1, p - E (VTE) - JE je ,where V(POL) is the polarization angle
(35)], or 1 matching set of Stokes parameters [g9 6ormalized 1o g - I and • 0 (33)] describe the
polarizatior, state. Typically, the imaginary pa;4t (expressed in dR/km) of p, and p, differ (see Fig. 4),
favoring after some propagation distance the characteristic wave with the lower value; simultaneously,
different real parts (in deg/km) affect the polarization angle i. As a consequence, the polarization ellipse
changes its axial ratio and 'Faraday"-rotates approaching the polarization state of the dominant characteris-
tic wave.

The mesospheric model MZM gives a solution to the problem introduced by (5). It. analyzes the geomagnetic
Zeeman effect of 0 microwave 1;nes to predict anisotropic propagation of polarized radio waves at about
±10 MHz (Af) from the line centers. Numerous input parameters are specified:

* frequency, defined as deviation from a particular (KI) 0, line center (Af - v ± f)
geodetic coordinates of the location where the wave originates (LAT itude, L6Ngitude, and AL1_itude)
environmental parameters (pressure P and temperature T)
geomagnetic field vector A [components Bn (north), B (east), B (up)] and flux density B0
polarization state of the launched plane radio wave tp (HZF-I,-VTE) and v(POL)]

* direction and elevation angle [0 (AZI muth, ELEvation)) of iii. launched wave

The KI - 5+ line (vo - 59.590983 GHz) has been chosen as an example. Two cases are discussed:
a) in a homogeneous atmosphere for given LAT, LON, and ALT(75 km), a radio wave propagates north at the

frequency wo + 1 MHz covering a distance z of up to 1000 km, and

b) at a location LAT, LON, ALT(100 km), a wave enters the inhomogeneous atmosphere, heads in either N, E, S,
or W directions, descends to an altitude of 75 km, and then exits again at the 100 km level.

In the first case, path attenuation A and polarization state are followed along. Propagation effects are
shown in Figure 5 as a function of distance z for a case where h (ALT), a (LAT, LON), and 0 (AZI, ELE) are
given to determine p1(Y,) and p2(.y) At the frequency P,(5") + 1 MHz, two initial polarizations are
propagated along a path ranging at h - 75 km to a length of up to 1000 km. Results at z - 1000 km are

Initial Polarization UM fioF rlrlzitlo
45'L 10.9 HZE-1,|VTEI -z.04, POL-87.4' 5
LC 39.5 1 1.37 70.0' 5
RC 8.0 1 1.04 88.0, -
HL 11.2 1 1.03 88.2"
VL 10.8 1 1.05 87.8'

Computations are more complicated for the second case, where a tangential path from outer space reaches a
minimum height, ht - 75 km. Starting at h - 100 km in a given direction (AZI) under an elevation angle,
ELV - - 5.1', a radio ray was traced through a homogeneous path cell via the coordinates LAT, LON, and ALT.
Geodetic locations were transformed into geocentric coordinates to compute 0, 0, and path increments Az for
I-km height intervals; then a numerical integration was performed whereby the anisotropic behavior of each
cell was evaluated analogously to the case exemplified in Fig. 5. The final polarization after traversing
one cell served as starting polarization for the next. Total path attenuations A as a function of frequency
deviation (v ± 4 MHz), initial polarization, and direction are given. Path attenuations for three different
initial polarizations and four propagation directions are plotted in Figure 6 as a function of the frequency
deviation Af, Each curve represents the integration over fifty (100 4 75 - 100 km) 1-km thick cells
performed at 100 frequencies between v. ± 4 MHz. The path attenuations A(dB) at Af(DFQ) - I MHz aru

AUI Direction _R VL jji.L2 _R _L U•Lt•Q
0. N 6.4 6.7 1.05 3.5 27.6 7.89

90" E 13.5 8.7 1.55 12.6 9.1 1.39
160' S 7.1 7.6 1.07 22.7 4.4 5.16
270' W 11.9 8.5 1.40 8.5 12.3 1.45

4. CONCLUSIONS

Two parametric models of atmospheric refractivity N (1) have been discussed. Wave propagation described
by (2) uses the isotropic model of N(f; P,T,U; W), which Is organized by MPM in five modules to control over
500 parameters. It was developed for applications tn areas such as telecomunications, radar, reimote sensing,and radio astronomy, which operate in the neutral atmosphere between I GHz and I THz. For MPM, various



shortcomings remain (e.g., empirical nature of HO continuum absorption and missing trace gas spectra). The
physical origin of the water vapor spectrum in M'I is still not fully understood. Especially, the lack of a
theoretical basis for the e -term of continuum absorption (14) is a source of concern. Its largely empirical
origin can introduce modeling errors when predicting transmission effects in atmospheric window ranges.
Research to uncover the true nature of the millimeter-wav" water vapor continuum poses a challenge.

The anisotropic model of N2(Kh,Af; P,T; I; I; 4) is applied in MZM to a special propagation case that is
described by (5) to treat the Zeeman effect of the 02 lines listed in Table 1. The model predicts the
transmission of polarized, plane waves through a spherically stratified (30 - 100 km) mososphere at
frequencies in close proximity of line center frequencies. For MZM, the experimerktal confirmation of the
anisotropic geomagnetic Zeeman effect remains to be realized.

Programs for MPH and MZM were written to run efficiently on desk-top microcomputer (diskettes may be
requested from ITS). Validation, error checking of predictions, and Incorporatioi. of new research results
will continue to be critical and time consuming tasks.
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DZUlCUSZON

J. 1Bda"T
You showed good agreement between your calculations of atmospheric attenuation and sons
field measurements for your H2 0 and 0 line parameters and your H 0 continuum. How do
your molecular line parameters and tse H20 continuum compare wiih those of AFGL (in
HITRAN 86 and FASCOD 2)?

AVMRlIS REl~PLY
I shoved results from two experiments that. confirmed KPM89 (1] predictions of atmospher-
ic water vapor attenuation.

a. ayout 1200 data (0.1-1.2 dB/ka) from field measurements performed at 96.1 GHz
(2-20 9/a H2 0, 5-35C, 98 kPa) [Nanabe ot al., IEEE Trans AP-37(2), Feb 1989]; and

b. about 180 data (2-30,000 dB/km) rqported between 175 and 950 GHz for the monomer
(proportional to ep) spectrum at 7.5 g/m , 20"C, 101 kPa plus 35 data (0.3-1.2 dB/ka)
reported between 210 and 440 GH- to support a theoretical diner spectrum as H 0 continu-
um, which il proportional to b e (see equation (14) and reference (7]); ([rashov et
al., IEE Conf. Publ. 2=, 310-11, zCAP 89].

MPM89 uses from the AFGL HITRAN code only the line strength parameters of 30 M20
linae -- all other spectroscopic information either originated from our laboratory work
or the references given in [1].
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I xel im of Opticallv and IR Zffcti-V A•t q1b4-11mv

V. Ihiermann, A. (m1ra.

FloctaaWpelacauft far ,Agemrndte t (,AN)

(Doc. 1989/103)
Sdilcus Krwsbach
D-7400 T •biuien 1

F.R. Geromny

i p is revotad to the problem arm of mdalling atK*Aric tobaulawo, Wdch is limiting
6l40tno-uAtical, seapacally laser systems performance. We briefly adl genrally Wiooin the practical use
of oin-*ý (M) similarity for predicting the structure cntant and the inr isqgth sm, - In
of refractive index fluctuations. Even t.h ih No similarity originally wa stated for an ideal msrface
layer which is nearly nL r* fe , it can be e*%eoW to be helpful alsa in natural terrain under real
metaerological conditions. A set of pa mBteriatiors of the murfacm flums, wich am required in the NO
similarity wresic , is proposed. ihe e. ramateriiatiau need only very basic awirmwital input data.

walts of an experimet are prvested showing reasonable agreemnt boemw mods, predictions and direct
masuremets at different heights. Modal input puyea teru have bean m•m•ed explicitly hera. In many

came, irnut parmters have to be estimated or there are only simple, not fully reresftattive maawrs-
ints available. A emnitivity analysis with q -c- to all input parameters is performed. no overall

model error in hig refractivity turbulance level situations is found to be about half an order of
mWaitude for Cn if we mowu over all oostributiou. For the imher scale In this is leas than 40 %.

1. n

Mw perfoacamno of alecto-optical systm in tim atmosphere is often degraued by the effects of turbulent
refractivity fluctuatiano. no variability of the visible and IR wirow refractive idxOX in the turbulent
scale is winly due to turbulent taqepaatmre fluctuaticon. In m cases a orntribution of hutddity might
also be of importance, ospecially in the 8-13 Am bad. nw strowr t refractivity ubilneiCe o0a" near
the earth' msurface % turbilafm trwaports heat betwe atmosner and gxru in a daily cycle.

For mrn' agplicati•w it is sufficient to desoribe refractivity turbulenoc by the inertial subrangS Spec-
tral. amplitudle, the structure cstant n Fr om others, where local angle of arrival fluctuatiom or,
under the cuxlitinn of a shrt propapticn path or saturation, intbAity fluctuatica play a role, also the
inter scale I has to be c•nsidered (Ine and Harp, 1969; Hill and Clifford, 1981). Cbservaticti have shown
a la poe odsille sprad of the quanttiies fr different gem ra al a ological cndiitions. OAS

is espcially true for Cn2 , where values from Is than 10"16 to about 1r0- 22/3 have been Uaamed. Only
recntly, cptical devices fm• meauring I nare davelopped and applied systematically (Odc and Hill, 1985,
Amilay et al., 2988; Wbirmm and Awalay, 1969). values from 3 m ui to about 10 we and more have been
found.

Having the abov =mticned variability in mind o undrstands tim eiportance of a tool for p .lictlng
refractivity tu•rbzlam at a given location and weather. Sinc even tte teporal variability at a certain
location is very high, the slawl asmawtion of climtological averages is not satiMsinj in Mot cases.
Different prediction m ae hav been develped, up to now being rstricted 1'o C or to the in practice
mostly e•tvalet strucb=w ocintant of taprtr fluctuations Cý. A gru of moal predctthe heigh

proile of wivth tUe help of statistically from regr• iion nalysis derived equations based an a met of
0loial bvt data (e.g. Eaton et al., 1985). Even though theae wdels weam to be very scceaful at

first vim•, an extrapolation to other locatiom than the or*m %tu the initial wariawnts wmae carried out
is pebleamatic.

A better may is to relate the qiatitles of interet to atmosphric turbulenue thecy widhi has always
treated prdjz of deriving btulaia struture low 1 oml weather data. Uwr are in prlnciple
three ways of doing this: the qiantitims can first be related to local gradits, as the Ridwaton number.
secn, they can be zelated to the dissipation rates of tarbulent kinetic uruy and temrature variancu,
wda thirii, through Moninr-CMoukho MI) similarity to the height above gzuond and the torbilant fiwoes of
heat a4 manbm. F•rqC, the first method was invented by Tovang (1960). The msexod wathod wan used by
Wsaely and Alcaraz (1973). The last method, initially proposed by Wyngaard et al. (1971), is Lwod hbro. It
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can be rogardad as the mt direct one, because height profiles rmsult directly from MO similarity and
because the otherwise rcesary derivation of local gradients or dissipation rates would mostly be based on
ND similarity itself.

Aplication of Mo similarity ruires knowlede of the turbulent fluxs. 'iese have to be nbtained through
Perakstrrizatior fom available data. 7he set of available data is often quit& liUited and not covering
quantitis like soil beat diffusivity an heat oapaity etc., which are eplicitly required in models found
in the literature (e.g. Rail and Walters, 1983). We tried to keep in mind the limited data base of a
potaytial model user.

2. similarity fjations

'l oonsxideration shall he limited to timparature fluctuatiom. Humidity flucbtaticrw can be treated in a
similar Way because both potential t1eraxare and huwndity are passive coxr•'n vative scalars and the re-
spective diffusivitias do not differ mach. For the structure cstant we have

C 2 . [~a I CT11 c2

hter a I is abat 79.10"- hPm/K for the visible and IR wlndos. p is the ati.sqeuric pressure and T is the
timperature in K. We assum the inr scales of refractivity In and tsarature IT to be equal (neglecting
a shift due to humidity, we Hill, 1978a):

in = 'T" (2)

te WI similarity equatiorn used are those given by Wyngaard (1973):

c2 2/3
• -- 4.9 (1 - 72/L)-2/3 for zIL < 0, (3a)

** 2

* 2 2/3*ý z 2/3
= 4.9 [1 + 2.4(z/L) ] for z/L > 0, (3b)

T*2

an Thi.rmVn and Azculay (1989):

SL~u, 3/ 4  
__.4 __

IT -3/4/.4 for N/L < 0, (4a)
(kr 14V /i (1 - 0. 6Z/L)V

IT u,*3/ 4  7.4
•kc 1/ 3 " 0 z for Z/L > 0. (4b)
-k)/¥1 1 +O.(/)4

z is the heigth above gronT, r, - -Q/u, is the temer-ttre scale here 0 is the surface ta erature flux
and u, is the msurfa, friction velocity (square root of mintue flux), L - -(u,3 2)/(k g Q0 ) is the
Sin-Cboukhav length vAur k is the van rarean contant (0.4) and g Is the gravitational acceleration. V
is the kinstkc viposity of air (1.46. l5" a 2/s at standard tuparatuis and pressure).

The range of validity of the above aq.kit.o, is of omme retricted to situationsrwhere MD similarity
a&lWs. This is in a strict s•w way In the surface layer under texporzlly stationary and spatially
hoogesoguo conditions. gos surface layer isey be defined by x ý I LI. Above the surface layer We find duringj
day (nstable cdieitity stratification, w/L < 0) the so called free convoction layer, uiere u, is no longer
a scmllng variable. The saya*p*.ic behvior of O. (3a) is su that for z/L - (thraugh vanishing u,) we
ghst the airupliata free comm ction swling. Evan that the turbulent flwms of heat and mm tu already
deee nuticably for x > L, tm uper valldity limit of a scaling e lzomicn similar to Eq. (3a) was found
by my investigators (Frisdc and 0d , 19753 Kaimal at al., 1976; Vyngard and ld• m ,1990) to reach a
heit wuzu airmsnt affects beitwee the boundary layer and the free atmphbre start to play a role.
Md. is at aoaut half the height of the boundary layer over land, typically at several hundred maters for
days with straog surface heating after the mxning hours. th asyxptotic hehaviour of Eq. (4a) in the limit

NIL -- a(U, 0) is such that ITbeom v constant. This corriesponds to a more or lass cintant dissipa-
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ticn rateo (ame Er. (11)) in the free conivection layer as observed by many resemciorsr (Xionchow, 1974;
X&ami at al., 1976; Qijllimot at al., 1983). Acootding to their resa1ts, the height limit of Eq. (4a)
should not be lowe thakn that of Eq. (3a).-

At night the stable denieit~ity stratificationm (all;> 0) tensz to dam vertical tiartolent tranrpart, and the
surface layer often do" not cocuer - than the lowest several inter. In general the f lumm are assued
to decreae movi or lose well defined with a powe of (1-s/h) where h is the heighit of then zcbiraal bcmr-

* ~dory layer. Ni~aistadt (198) hmmwer has shown, that local W3 similarity beasd on (the amaller) local
fluxmesQ and u1 imste of ourfoac fluxe Qan u, still applies above, the surfac layer. Sochian (1986)
postulated that the form of the NO functions for local scaling is the sasas for surface layer scaling.
This would lead to the fact that the errors whichd occr In the applicatioin of Etp. (3b) and (4b) when lea-
ving the Iufc layer are not. very drastic. Additionally ýr is scaled in the stable limit by' a ratiu of
fluxes Q1  A'14. Both fluxes dbcremse with height and compoasti partly. (Up to now it is not clear
wether Ol or ul decreases nore rapidly with height or, in other words, wather Cýdecreases or in-
croaxim near the tqi of the boundary layer, wee also dijpers and Vciwiak, 1989.) IT varies in the stable
limit with Q 24wichd results in an error of lowa than 20% iLf ýQi 0a 0/2. Fobr practical parpose we are
thus allowed to stress also Eq . (4b) to som extendi inft the baiaylayer, aid we might reach heights of
several tenths of meters; %der moderate winds and even greater heights under stronger wind. wor both, CT2
and 1T, low wind condition remin very problematic due to the extremely rapid decay of the fluxes with
height aid the ionhanced importance of radiative processes. Thu we cannot expect to obitain reliable results
from Bp. (3b) and (4b,) here.

The probluem of staticsiarity and homogeneity are very difficult to deal with. With regard to stationarity,
we fortunately obiaeeve the turbulent time scale typically muc smaller than the time on'l of flux varia-
tions. Haws we will usually have the lower boundarzy layer to be sufficiently stationary to apply 1KD sca-
ling. Periods of strong instAtioriarity generally oocur every day at least twice: after sunrise and before
sruset, iihen the direction of the temprature fluxwchanges sign. Duzrinig these periods we additionally find
the vertical extansion of the required omwtant flux layer to he very limited. 'mis causes problem ese-
cially at greater heights. For imost practical applications, howeveir, we expct all thmese effects to be of
limited iuportarvje, because onasuxemutu have shown that the transition perioft are dharacterizo1 by typi-
cally low refrac~tivity turbulence levels.

inhcsogimity of a tuzrbulent field mainly rerults from inhicwwgrritiew of the underlaying surfaces with
remect. to rouiness or temerature. Smainations of inhomagensity effects an turbulence have bee mosi for
near neutral stratification by several authos (e.g. Roao at al.*, 1974). Terequired lwzqth Scale for
horizontal homgeneity of surfac characteristics was found to he abouat hundred tim the o- idsred
height. Such surfacs are in reanlity rarely found.

Lot us got an impreassim of the effects of horizontal mean potential temperatuire inIKoboBtImity an%
Tarnrature fluctuations eam gionerated by the interaction of turbulent motion with the gradient of potenr-
tia~l temperature. Duzring day the vertical gradient of potential tauperature deaeases with height and
readies an order of mogaituide of typically 10 39 " at loom altitude. it" domo not meom to be much, but in
the horizontal a gradient of mean twperature of 10- "~ - 1 K/km or mcirs is rare. Ttwo the poteontial
temperature gradient can be asumed to be in the vertical and to he unaffected by horizontal inhomnguisitY.
only in a few ectraons cases, e.g. near this coast line, we expect stronger effects. At night the verticml
gradient in usually stzrionwr than during day, so the situation La even better.

flor estimating refractivity trudalurxu over inhamgensuisr terrain in practice we can either use averae
ground properties or better Waks wort cas calcuilations wichl should suff iciently give a range of posslible
values. We will later derive the model output seinsitivity to surface parameters. If the sensitivity to one
parameter is lowi, we also expect a lcuw sensitivity to ifmooinsitias of this paramter.

7hen effect of tqpopv#W~& is another point we haw, to discuss. At daytime and above a certain height, con
vact~iom is msat important for proluciing tooperatur, wnd velocity flnotuati~cin. now strength of conection
mainly dependsa on the mirfai taimprturis flux wichd is qiuite independent of the stape of the undorlying
surface. Thisrman and Yadm1. (1M6) have shw that even in the very extra.e topography of a ~matain
valley, Eq. (3a) gives accepitable estimmtes. We ame tempted to gmneralize theae zwdalt also to Eq. (4a) eveon
thxigh we da not have any mesouromits. At night, tirbilant friction is the maet impo~rtant urnchanlin for
produioing velocity fluctuations, whichxi then procdse taperat1ure fluctuations thro~ugh the vertical tempe-
rature gradient. 1Txnbilent friction depends on wind shear ord stability, adi wind and temperature profiles
ame complexc over noni-flat tarrain (e.g. Brost and Wynaard, 1978). For practical applicationsw, hciaver,
reults amIht still be used in mm ciase, given data for a local flux estimate at* available. WW
that, if the nearest elevation is further then, say, 100.z., we should have something lii. locally flat
terrain. Or, if the height of uwin~d elevations within a distazwii of 100-s io lees than, say, 0.1-z we
oxldd treat thoe elevations as r~hongise elements.
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3. Flux a ut±.u

&P. (3) and (4) r te cý and I to the surface flume of beat andt momntum. Me used p rizt imu of
these flux are, little modified, those of UTieam and Ydzil. (19BU). The maib. flux follow frcm the
integrated flux profile rglatJiWdhp (feulmo, 19701 Dyer, 1974):

ku

ln 5? - #
SO

where
t - 2 lnC(1 + y)/2] + l.n[ (1 + yý)/2] - 2 tan'S, + W/2

y- (I -l zu/L)V/4 for z/L < 0

and

# - -. IL =for sL > 0.

The needed in&aut data ar the wir, sd u ared at the hmicj*t x and the surface gh$ues leugth so.
The taq~sratiire flux Q0is estimated an follams.

Fbr daytime a slightly simplified version of the arnmtizaticn astm of Holtslag and Van Uldi (1983)
provides Q0 frm molar irraiation R, surfaos al A, grot1 hmidity parameter o and the tmperature
depwifit teqperaturo derivative of saturatimn spcific hubadity s - 8q5 /BT:

0o -- (1 ) (1- A)R- , (6)
Op p +/,

7is the ratio of the specific heat of air at contant pressure to the latent heat of water vapour c 1/rw, p
in tim air density, and n and 0 are empirical omwtanta. For n and P we chrom 0.9 a"d 20 W/M rspuive-
ly. no huiadity parameter a is I over wet surfac, ircluding mid1atituds grassland, and 0 over dry sur-
faces like deserts. Intrmediate values not be taken for partly vegetation overed terrain. 'no principla
of Eq. (6) is an exuaj balan - ioilaration. The system is driven by the absorbed fraction of the solar
irradiation (I - A)R. Part of this leaves the surfaces via IR radiation or ground heat oution, the
factor q and the offset 0 acc•c t for that. Following the Penman cxampt of eqVilibrium evatram•iration,
the rueaining WMr is partitioned between sensible heat flux H0 - a Pp Q0 and Latent heat flux
R0 - r~ W~ where N is the mirfaiin water vapour flux. The tomquraturb depwmnwx~ of the sensible beat flux
fraction for a - 1 ?n Eq. (6) is wxm in rig.1, A possible large reduc•ion of the sensible heat flux due to
graxid humidity can be seen, especially for higher air teaqeratures.

This parameteriration still cotains the solar irradiation suplicitly as a paraomter, even though it cannot
be cmnaldsm to belong to stardard weather data. However there is a variety of estimation smes for R in
the literature, mainly in terms of astr• nical parters and cloud ower. it is not our goal to imrove
such estimation teduinims, the reader uholdd refer to boltalag and Van Uld•n (1963) or others.

A difficult task is the paaamterization of the nighttim teaeraut-u flux. tMV is a ocVlMex equillbrium
at the sumrface bbs ground ht storage, the prommeses of radiative oooligq, latent cXoling or heating
(d•e to evaporAtimn or dw ptdxetion), grunmd heat ourdaution and sensible turbulent heat flux. Nons of
thes processe in generally dinant making simple assumptiom on tjh energy balance Ilpossible. our
apptwa1 to proaed here i trying to Isolae th effect of am iqxztant parameter: the wind sped. At
night, the wlnd shear is driving the tmperature flux against the bouyancy foro:s. To se which functional
d a wind •spee 00 has, we examin the depen of Qon u, in Eq.(S) for zu/, > 0. We se. that
there is a mida value of posible Q0 , which is in term of u, SU and a 0:

QoG - u 3  
(7)

with

4 kuo

27 5 EUg C ln(x 1 /z 0 ) 2



19-5

I.0

•0.e

10.4
Fig. 1. F aztitiLlJ bewe, senib aUd
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depaneme of the factor 10.2

[1 - 1/(I+y/s)3 in Eq.(6). -------- _--_._
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(The erivation ef Eq. (7) is based on mo proises which are rat fully true under real ccriditions. Howevr
a discussion of this would be beyond the soe of this paer.) An example of an observed wind speed dopwi-
dmiae of Q0 is given in Fig. 2. Hamr in d0itajIsd by an opticl masmin of CT2 and a measuremnt of
Win valoity via SW. (3b) an (5) with a known zuxinin length. Th e u currve rqmmitA EM. (7). We see
that for low wind velocitities the in-marred Qi i very clove to the oe predicted by Eq. (7). (The fact that
the "maximu possible Q0 i is dberved udiar low wind ocrditioun might be wcpained by a negative feedback
manism near the tuxbulas •ollaps iwnvolving the whole lowmr boundary layer.)

It is clear that, if the wind eed g to infinity, Q0 can not i-norwa further with u3 because thin
Would form A contradiction with srey bala crXmideations. It is even plausible that the u depence
of Q e0 ades more or less early saturation, since under strang winds and nar neutral conditions it is
especially the IR radiative flux ocpmawt, ••ich limits Q0 . uhin 4PPer lizit of the mnible heat flhxu
ore - c..Q ahall be an empirical parauter and enter the .erameterizatimn equatio in a way that

prdMu1 9 umKI-trarMition frm the low wind to the saturation regime, much an:

3 u3

-o " ____ (C)

1+ -i+__ u

Qomx

The value of Hamx mainly depens an the radiative situation and the ground heat ocrrida~vity. Phenomena
wthicd redc msrrace coolirq, like cloud cover, high air huidity, or high ground oonbuctivities (moist
ground) lead to low values of CMax" C.ear sky in a dry atmiaqere owr well isolated ground (desert)
should give the highest values of 1Of" We d 't have systematio masuremnts but we sqpect low values for
clud covered sky of about 5 to In W/n and high values for clear sky of 20 to 100 W/n dpendin on air

imidity and soil type. In Pig.2, E. (8) is drmm in ror three values of H ... The m W taean
u-er clear sky (Mpen, experiment, am next e.ction). t* ourve o0•respcu, to H e qUal -40 w/z2 fits
the pointm reasonably wall.

0.01 - - - - -

•0.04

rFi.2. Wind spd daraindc of rocbzrnal
e- eflux 00. Cro denote 0.0,
5siurveint5 curves ar-6 ip. (7) and.

4 2 3 4 5
wInd eI"A w In /W
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4. nrison with MW&"Wra

Data takmn dur&Wi the turbulunc eWpe nt in Iaiui (northern P.R. Germany) in late wmr 1988 were used
to Coers modal predictions of r. 2 ad I2 with memirvd values. The experimnt is described in Mi•ermia
and Azoulay (1989). h eqxerimenal site was flat agricultural land with single group of tree at di-
stance of 150m and "ore. At a height of 2m, CT2 and n were measred by a bid•mtio gointillometr. Mw
evaluation of the qotical data w bms! an the tudtAlenon qoctrv of Hill (1978b). kkitionally, at
heights of 48M and 80., a •eteorological tosr was eapped with ultrasonii nmmstwr thermomtwo taking
spectra of t•mq o T(M) and velocity 9ui(x) whih wore related thttug Taylor's hypothesis to the
spatial wavmubwer K. Frcm theme spectra we cxqx*td T2 and the dipatm ratee using t inertial
oubrarvie exprwmision:

tT(I) - 0.25 *'2 .-5/3 (9)

and

%3(.) - (4/3) au 2/3 IC-5/3 (10)

711 Ylmogorw coantant a u ws c to be 0.5 following Chmpagne at al. (1977). The dissipation rate
finally was related to the inner scale via (Hill and Clifford, 1978):

In IT - 7.4 v3/4 -3/ 4 . ()

In parallel to the turbulorm moemoz•ts, law resolution data of all bio meteorological quantities were
reoorded. Wind spoed at 23 height and solar irradiation were used as model Jrit. The rouhess length z
was deterined from the wind profile to be 9m and the ph' A we measured to be 0. 2. 7th ground humidity
parameter a wasnetimated to be 0.7 wat after rain 'den it was met to 1.

TLim meries of solar irradiation and wind speed during the com•arison period of about four and a half days
are uhon in Figs. 3 and 4. Um time scale is given in day. (date) and flat nuabors correspo•d to midnight
accrding to local time. 'Th first day ws prevaillngly cloudy with occasional rain ehewera, the seod day
was characterized by broken clouds, and the last two days were nearly constantly sunny. Nights wore clear
in most case and, as Fig. 2 axge&Ad, we fixe omx to -40 W/t2. Ttw wind spead raned during day 2rm
about 2 to 5 w/e and during night from around I to 3 m/m, exceqt during the third night which for many
hours did not sxho any measurable wind velocity.

In Fiqg.5 the model prediction of CT2 at heights of 2m (ur3per curve) and 48m (luwmr curve) is given. This
prediction is based on 10 min mna of the input paramter and the output has been cthed by a sliding
30 min average. qptically (at 2m) memard values of cT are marked by circles (10 min manm) and tower
meaments (at 48.) by stare (30 sin me ). Periods of missing symbols ourrespond to time uher the
optical system was not operated or the wind direction was such that tower f1ow distortion could not be
excluded.

Predictins and m6eurmits show good apremmont. Discrepemies ocur= d at 48m mainly in the moridng or
evening hour. %ii the stationarity requrnmt was not fulfilled (as Section 2). It is interesting and of
consid1ral inoxrtance for applications that during theme instationarity periods CT 2 did not mignifiauntly
Wo the values before oc after these periods. Generally we see values of ,2 na the ground during
mzn days about aum or•ir of magnitude larger than during night. At 48m we find lees variation between day
and night. The lowest values wre dmerved during the first day uhar the sky was oloudy aid the grozd was
wet. (Xtudy night*s have not bum "mined.

Fig.6 caree madal pradictivrm of In with emasurd values, now for 2m (low curve) and 80m (u~er
w=w). Again there is v good general agremnt batien model prediction aid MWAUan* exept for the
inutationrity period. At 2m we doberved inrr we values between 3m and durin day and bet w m
aid S during night. As for cT 2, the minitudlow itself are of minor bqotance compared to the fact that
the Nodal predicts these values quite wall. Differzet uwviramtal paramters oCCIUlA load to qUitS dLffe-
rat Maltm. At Oft, values between •a i•d 2r ooud. In tha calm night we doterinod values oven
up to about 50m. Herm the mow l is prlncply in doubt (mft semtion 2). Also the moeumants cazuot be
regarded With too udIh =01lince her, beause th wind fluotuatik in the uisturbod flow are very
mall and sear flow 1Mdistotla ight hve a large effect. aidi affects would lead to too mall valut of

derived In so we can rather *xp vwr higher valk of 1n n the wdistudd flow.

n, n
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Fig,7. Diffewwrta error multiplier of 2 Fig.8. Same as Fig.? but for the inner sale
with respect to Q0 and u, 1n.

The camparisuns above were mads for quantitatively wall characterized enviruanit, all meteorological irnpt
data and surface parameters were carefully deternnied. However, we often don't know exactly how large the
r ness lernth or the wind speed really is or if the groud is rather dry or wet, etc.. This is because
we might have to predict irpo parameters in tlim. Moreover natural surface; am never kmgeneous, so we
have to extrapolate spatially. And even if we want to mak a model rn for 'here and now', we often have to
estimate many input quantities because their measumnt is omplicated or not possible at the moment. In
general, the model input parameters arn dcoen to be as few as possible and as 'easy to gueas' as possible.
But some of thm are more important than others for a certain appllcation. To see the weight of the diffe-
rent input parameters we examined the respective model respons.

Samn general features can be understood when analysing the sensitivity of the similarity equations (3) and
(4) to dcarqxe in heat and mnentan flux. Even though the uncertainty of these fluxes might be quite large,
it is helpful to look at small changes via the derivatives of BEs. (3) and (4) with respect to Q and u,.
Fig.7 gives the d&fferential error enltipliers of CT with respect to 0 and u,, i.e. the fractio.;a (or
relative) error in CT2 divided by the fractional arrors in 00 and u, respectively, as a function of non-
dlmemional height z/L. we see that the sensitivity to changes in Q is not too different for all heights
and does not even differ very much unWer stable and unstable conditions. The value of the error multiplier
is about 2. The friction velocity on the other hand has a totally different influpxm during day and night.
During day, if we are not too close to the ground, the effect is negligible. At night the error multiplier
is in the region -3 to -4, which is considerable. u. and -0% are positively correlated for fixed H and
varying u (Up. (5) and (8)), so the respective error multipliers cancel pautly. For fixed u and vaary2
H max however, they are antionrrelated (Eq. (5)), which will result in a strong HOma dependence of

Th error multipliers of the inner scale aru demonstrated in Fig.8. They all have negative sign. IThis means
an overestimation of the absolute fluxes always leads to an underestimation of I n. The ivportanoe of the
friction velocity is always larger than that of the heat flux except for very large values of -z/L. The
value of the error multiplier with respect to u, is typically around 0.5 and decreases for higher in-
stability as the Q0 impact iixreases.

The 1ext four figures explicitely show the model dependence on th" dynamic i4t quantities U and R for
daytime in Figs.9 and 10, and u and H(a for nighttime in Figs.ll and 12. one set of parameters P and
HO= has been dxxe for claw free (R - 800 W/m , H - -40 W/l2 ) and one for cloudy cundit~ions
(R - 200 W/m , H max - -10 W/m ). The ocmputations were done for two heights: 2m and 50m. All uther model
input quantities were fixed at the values used in the above experimental verification.

For C2 the radiative situation is very imortant at all altitudes. At night this dcmInates even the height

dependrenc. The cloul free and cloudy casea differ by up to am order of agnial•e during day, and even
more at night if the wind speed is not very low. The effect of the radiative situation on the inner scale
is very weak at night but of importance during day for lower and mode ate winds, especially at greateralti 3 - Th e wi nd sp e d i q u t e u l W -t an f o CT 2 d urin g da y . only v er c l a w to th e g roun d , we cb -
serve a noticable decrease with inar"s. u. At night, in contrast, tha wind speed depeteOkwm is remarka-
ble at all heights. )br very 1M winds CT is predicted to be very maoll and to increase very rapidly as u
increases. A maximum is reached at about 2 Wes followed by a moderate slope down. Such a behaviour was
already qualitatively diserved and reported by Ry1nar (1963). The position and shape of the maxiumn depends



only slightly on M B and altitudem. The hueigt variation of C is strongest dwiriq day: we cout up to
tw "'I~ POf amgibx% decrease from 2. to 5(n. At night thim in lown than half of it. Mi- height variA-
ticm of the inner scale is small fr low winds. under stronge winds we observe a factor of two 1jretaae
from 2s to 5ft. At 2m the larget values of CT 2 ocu n sunny' calm days, k*ereaw at 50mi the madanz pie-

Bible daytime and nighttim values do not differ very such. 7e smallest values of I n can be found under
strong wind day and night, the largest values during calm n1igts.

In the following figIUrVS We Invetigate the iqiortwan of the static urpit pairameters: z0 , A, a and T. We
hame selected variationi ranges of these quantities according to typical unceftainties. The uncertainty in

the roughes length z0 might be large bmeCI z is hard to ast-inte and difficult to meme. We allowe

zoto be in the range Smto 5en. T1he albedo A wa varied betim 0.1 and 0.4 4dhti oorrxept-e to dazt. and
bright soil resectively, and the surface humidity peranatb*crwa s varied from 0.5 to 1, all still midinti-

tievalues e.g. for dry and moist vegettI. A temperatuire change of 10 K v~as finally cmidered. Te~
comptticrB are dam for the -c~loud free skcy- value of R aid Roa.As a muasure of the modl sensitivity
to the respective chianges we use the relative resone defined as

x = (2cm - xL,)/'.x~ + xj), (3-2)

%bdhe re a aid mit,1 are the respective maxim. aid ainimus values of ý2 o n

Qixjiaring the effects of the variations in all four parameters for daytimre CT2 in Fig. 13, the boduirer of.

the surface humidity parameter a is striking. A change of the lower limit to the desert valbu of u = 0
criald ~ ~ ~ ~ ~ ~ ~ ~~ , le.t nodro gntxevraini This is the main reason for the often reportedI diffe-

rec bewe r2 values in the desert and the su.er midlatitudes. compared to the effect of a that of the
albedo is in practice nearly negligible. The temperature is mainly important through its effect oni s in
B1. (6) acxurdlrq to Fig. 1. Henc a rough knowledge of temeature is nroesary ovier wet grounrd, but 10 K

IrmrtamytY is rnt XIOA41 to have noticable oosueqmos. Howiever a teuperature higher than the 290 K used
here, waculd lead to an even larger effect of a.* In that Wy a becme especially imiportant for high t~cpe-
ratirres. A siqnificaný: effect off a change in z0can on~ly be observed at 2n for at least mdrerate wind
speed. Thea mgnit're hWever, is even here lower than the overall effect of the other contributions.

101 W/2 ~~j ~ 1.2,

100 
1

.2.

---------------- --- -- -- - -- --

2 46 8 10 2 4 6 B 10
wind speed in,/ w~s ind speed in rn/s

Fig.9. Examiple of a wind aspee dependere of Fig.lO0. Saeas Fig.9 but for moel I~
Moel CT2at 2m and 5(b height for a n
sunny and a cloud~y day.

50 Is

C5 0

wind speed Inr/@ wind speed In qn/9

Fig-l1. Same as Fig.9 but fore a clear ared a rig.12. Sam as Fig.10 but for a alear and a
cl-dxy night. coludy night.
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Comparing Figs. 7 and! 8 it :is clear that the relative importanc~e of the parameters effecting Oo for daytime,
i-e a, A and T, is mruc lowr for the inner scale than for CT 2. Thus for analysing thie inner scale sesi
tivity we redace this set of parameters to the mtimportant one: a. (The effect of A and T might be
estlimated as a fractioni of that of a, as it can be see in Fig. 13) In Fig. 14 we find tw regions: a lowi
wind speed region where a is .t important and a mo~erate to high wind speed regioni where z 0 doinates.
The transitioni wind speed ixnzreasess with increasing altitude. Howver, it should be noted that, if we t
up the urcertainties, it is unlilcey to exceed about ±20%.

At night, the only relevant static parr-meter is z .The sensitivity of ~2 andI to zis shown in Fig. 15.
2 9 CThere is a respone inininE of CT to variation in zoat a wind speed little below 2 rzD/s. A cciderable

sensitivity can be found especially for higher wind speeds. M-A response of the inner scale to zois quite
ind~ependet of wind speed. Its magnitudle is close to that of the daytime I n uncertainty.

6. Oacu

It waes dmntratedi that a bination of Moiin-Moxukdxov similarity expressionis with simple flux paraicete-
rizatioris can provide very useful predicitcris of %n2 and 1n in the low~er baurriary layer under natural
ounditicna. Considerable experimental disagresment between model prediction and measuremnt ocscized only at

grete heghs i te mrnngand early ev~ening houzrs, iiiei the tnbelence syse diah e betwee daytime
and nighttime regime. Howeiver C and 1n did not sho any' extreme values here. Problematic are nighttime
lowi wind situation from both, the xeasurement and the modlling point of view. 1 n values up to 50m have
been~ d-eerved here at a height of 80mn. (This dirA not neesarly belong to the boundary layer at that time,

Fotr C 2 the Iret k-.ortant input quantities are the solar irradiation and the grouind humidity parameter aT
on daytime and the wind speed together with a heat flux classification (H,) at night. The surf ace rough-
ness is important cxn daytime close to the grurz..) and generally at night. I ?nmostly det~xined by the
wirdspeed aril the surface roughness except during day at greater heiqhts, where the same parameters as for

2C;r have importance: the solar irradiation. and ths ground Inxmitity1.



It is difficult to genrally esti-mt the overall error of a predicitcn accordin to the prcpoed s e.
Mis error my ccntain a cotibution resulting Et• the fact that the ooniderd lower b• dary laye
deviates in its strutre from the Idal oe. Anoth*r ctxributinn follow diretly fin an lnccuracy of

the D•.3 and 4. A next reaso for modal errar arx the aroximtion containwd in the flux parzteriza-
tion murip ouin, and finally we have an uncertainty in the dyntki and static =xWe lirpt parameters. only
for the last poit W can &iply mirn quantitative calculations as it ims don euhe. We find a posible
.ror -me of about a factor of two to three for CT2 and of abat 20 to 30% for I n. COonarini the riaLi-
nizn error, i.e. the eror if all liput quatities am wall kown, w can get an impresion frcm our de-
rlimatal rests indicating again a silIvar error ignitde. Together this le to an arror of about half
an ordr of magnitude for %T2-and up to about 30 to 40 4 for I . Frca this w• have to ms0lude the critical
situatkawo in the morning or evening hoaur as well as no~cturnal lu., wind catditicri. However, these paricds
do not sho the highst refractivity turbulence levels.
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J. StLBY
What caused the dip in your CT2 curve (in Figure 15) at a wind speed of 2 m/*?

AUY•RI S 2IPLT
Under stable conditions, an increase of Zo leads to t~o competing pxocesses. On onehand, it increases u, in Eq. (5) tending to decrease CT• i Eq. (3b). On the other hand
it also increases Q. in Ej. (8) tending to increase C . For light winds, the net
effect is an increase of CT . For stronger winds, it is The other way because the value
of QO is closer to Qoax and less vr iable. Consequently, we must find a transmission
range at moderate winH speed when thL Z. influence is low. This range corresponds to
the dip in Fig (15).

Ii
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SUMMARY

High intensity laser beam propag; 'ion in the atmosphere requires knowledge of the linear and nonlinear
optical interactics of the UV, visible, and IR radiation with individual water droplets. The spherical water-air
interface of droplets (with radii larger than the wavelength) can (1) enhance the incident laser intensity inside the
droplet and in the air, (2) provide optical feedback which can lower the threshold for stimulated nonlinear emis-
sion when the wavelength is in the transparent range of water, and (3) modify the internal intensity distribution
and, thereby, distort the droplet shape when the incident radiation is in the transparent or absorbing range of
water. We review our nonlinear optical research with single micrometer-size water droplets irradiated by high
intensity laser radiation in the transparent and absorbing regions of water.

RESEARCH RESULTS

Internal Field Distribution

The Lorenz-Mie formalism can be used to calculate the internal and near-field distribution of a sphere
(with radius a and complex index of refraction n) when a monochromatic plane wave from a laser (with wave-
length %) is incident on the droplet (specified by its size parameter x - 2iraA) [1]. Figure 1 shows the internal
field distribution within the equatorial plane of four droplets with x = 29.64, Re(n) - 1.38, and four different
Ira(n) = 10-4, 10-3, 10-2, and 10-1. The incident laser intensity is 1o. The direction of the plane wave of the
incident laser beam is designated by the arrow.

At the lowest Im(n) value, the intensity is concentrated in two regions, one just within the droplet shadow
face and the other just within the droplet illuminated face. Both intensity maxima at these two regions are > Io,
The intensity "ripples" throughout the equatorial plane result from the standing wave of two oppositely traveling
reflected waves, one from the droplet illuminated face and the other from the droplet shadow face.

As lm(n) is increased from 10-4 to 10-2, Fig. 1 shows that the intensity ratio of the maximum near the
illuminated face and of the maximum near the shadow face decreases rapidly. The more rapid decrease of the
intensity maximum ratio suggests that the intensity maximum near the illuminated face results from refleted
rays which have traversed the droplet at least twice. In contrast, the intensity maximum near the shadow face
results from refted rays which have traversed the droplet only once. When Im(n) - 10-1, the absorption
length [defined as a-l, where the absorption coefficient ca = 4,Im(n)/IA] is less than the droplet radius. Conse.
quently, the rays ar grealy attenuated before reaching the shadow face, and the internal intensity is localized
in the form of a crescent at the droplet illuminated face and decreases exponentially toward the droplet center.

Figure 2 shews the intensity distribution in the equatorial plane for four different water droplets [with
x m 5, 10, 15, and 30 and Im(n) w 0.06621 irradiated by a CO0 laser beam (with A - 10.6 pun). Even for a water
droplet with x - 5, the attenuation of the rays traveling along the droplet diameter is reduced by exp(-1.3). For
droplets with x - 5 and 10, the opposing effects of absorption and of intensity concentration cause the internal
intensity distribution to be fairly uniform. For droplets with x = 15 and 30, absorption dominates, and the
internal intensity distribution is localized in the form of a crescent at the droplet illuminated face.

Noplinear Source PolarZtiMn (pNL.S)

The electromagnetic field (E) internal to the droplet can induce both a linear and nonlinear polarization,
which can be expressed as: ii

pL + pNLS - [ZL + (ft8lE) E + (82z/SEL1E) EE + (W/6Q) Q] E, Eq. (1)

where the linear susceptibility ZL = (n2 -1)/4nt is complex if Irn(n) •0.

Hi 'I ' il llI" II I 'II I IIi 'I I II I [l



The nonlinear source polarization pNLS generates electromagnetic waves within the droplet which have
a different frequency from that of the incident laser frequency. Equation I shows that pNLS has the following
terms: (1) (kJiE) E, which is zero inside the droplet because liquid has an inversion symmetry and, thus, no
second harmonic frequency generation is expected; (2) (82z/EliE) EE, which gives rise to third harmonic fre-
quency generation if all three E's in Eq. 1 have the same frequency and, more generally, gives rise to third-
order sum frequency generation if the E's in Eq. 1 have different frequencies [2]; and (3) (k8-xQ) Q, which
gives rise to Raman scattering when Q is the vibrational coordinate of the H20 molecule (usually the O-H
stretching mode) and to Brillouin scattering when Q is the sound wave amplitude in water.

x = 29.641= 1=

13.18 Io 27.67 Io

n = 1.38+i10E-4

1U10.60 lo 25.43 Io

2.10 Io 12.64 Io

0.70 Io
_ U

n 1.38+110E-1

- Laser Direction

Fig. 1. The internal intensity distribution within the equatorial plane of
four droplets with increasing absorption. Three-dimensional plots
are shown in the left column and the gray scale plots are shown in the
right column. The real part of the index of refraction for the droplet
iG 1.38 and the imaginary pant varies from 10-4 to 10-1. The droplet
size parameter x = 2naA is 29.64, where a is the droplet radius and X.
is the bncident laser wavelerigth. The incident laser beam intensity is
Io. The beam direction is indicated by the arrow. I
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WATER DROPLET

A = 10.6 Pm n = 1.185+10.0662

1 .84 j10 1 =1.9X 610

0.70 1o

x =10

0.84 100.43 10

X 150.83 la 0.13 Io

x =30

M CO2 Laser Direction

Fig. 2. Same as in Fig. I except that the droplet size parameter varies
from x = 5 to x = 30. The index of refraction is selected to be that
of water, n - 1.185 + iO.0662. The CO2 laser wavelength is 10.6 JrA.
The beam direction is indicated by the arrow.

Stimulated Raman scattering (SRS) occurs when the amplitude of the vibrational mode Q (with vibrational
frequency &Nib) is coherently driven by E(w1) and E*(o)2) (where t)1 - 0-2 -Ovib) [3]. Stimulated Brillouin
scattering (SBS) occurs wheii the sound wave amplitude Q (at eourd) is coherently driven by E(oi) and

E*((o2), [where (01 - (2 = w0ound and V"(oI) - t0)(2) = "(',sound)] [4].

Ngnlinewr Opthial SirnnS

When x >> I and Im(n) - 0, the nonlinear radiation generated by PNUS is initially produced in a region
within the droplet where the input laser intensity is the largest, i.e., just within the droplet shadow face (se
Fig. 1). The nonlinwly generated radiation is usually frequency shifted from the laser frequency and has a
linewidth larger than the law, linewidth. The spherical shape of the droplet can efficiently trap some of the
internally produced nonlinearly geryrated radiation. At specific wavelengths within the linewidth of the non-
linearly generated radiation, the droplet can be envisioned as a high Q-factor optical resonator which can provide i
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feedback at specific X's or x's corresponding to the morphology-dependent resonances (MDR's) of a sphere [1].
The Q-factor of the MDR's and the number of MDR's within a wavelength interval have been calculated using
the Lorenz-Mie formalism [5,61. The Q-factor of MDR's has been determined by measuring, after the incident
laser beam is off, the decay tine of the nonlinearly generated radiation which is trapped within the droplet [7,8].

Spontaneous Raman scattering and spontaneous Brillouin scattering are produced mainly just within the
droplet shadow face where the laser intensity is largest. At specific wavelengths within the spontaneous Raman
and Brllouin linewidths which correspond to MDR's, part of the spontaneous Raman and Brillouin radiation is
trapped by the droplet interface and propagates around the droplet rim. SRS and SBS occur when the round-trip
gain for the amplified spontaneous Raman and Brillouin emission is larger than the round-trip loss. There is no
phase-matching requiremeut for the amplified spontaneous Brillouin and Raman emission processes leading to
SBS and SRS.

For SBS, the gain is provided by the internal intensity of a single-mode or multimode laser, which is
maximized just within the droplet shadow face. For first-order SRS, the gain can be provided by the following
two internal intensities: (1) the internal intensity of the multimode laser, which is maximized just within the
droplet shadow face and (2) the internal intensity of SBS (pumped by the single-mode laser), which is distributed
around the droplet rim because SBS in the droplet needs optical feedback [9]. For nth-order SRS radiation, the
gain is provided by the internal intensity of the (n - l)th-order SRS radiation which is also distributed around the
droplet rim [101. The depletion of SBS as a result of first-order SRS being generated and the depletion of the
first-order SRS as a rault of multiorder SRS being generated have been observed [91. However, the depletion
of the internal laser intensity (with single-mode or multimode operation) has not been reported.

The third-order sum frequency signal is many orders of magnitude weaker than SRS and SBS. Unlike
SRS and SBS, the third-order sum frequency process requires phase-matching, which cannot be satisfied in a
liquid. When a near-IR laser beam (% = 1.064 pm) is used to irradiate a droplet, very weak signals resulting
from the nonlinear mixing of the electric fields of the laser, first-order SRS, and multiorder SRS have been
observed throughout the UV and the visible [2].

Additional nonlinear optical signals which have been observed from single droplets can also be related
to the various terms in Eq. 1. Both the observed coherent anti-Stokes Raman scattering (CARS) and the more
general four-wave mixing effect (commonly referred to as coherent Raman mixing) [11] are related to
(•V6/Q) Q in Eq. 1. The observed phase-modulation broadening of the elastically scattered light and of the SRS
[12] is related to (62xf/16EE) EE in Eq. 1.

Laser-Induced Breakdown

LaUer-induced breakdown (LIB) is also a consequerce of nonlinear optical processes. The intensity
threshold for LIEB is considerably higher than that for other nonlinear processes such as SBS, SRS, and third-
order sum frequency generation, However, once LIB occurs, the nonlinear optical signals such as SBS, SRS,
and CARS are quenched by the strong absorption associated with the plasma [13].

T'liere is some controversy regarding the initiation of LIB in water, i.e., whether the "seed electrons"
already exist in the water or need to be generated by the laser radiation via the multiphoton ionization ,occss.
Regardless of the origin of the seed electrons, the electric field of the laser radiation causes avalanche multi-
plication of electrons and the generation of a dense plasma. After the initiation of LIB and the increase in
plasma density, a transparent water droplet is transformed into a strongly absorbing droplet. Spatially resolved
spectroscopy has been used to determine the location of LIB initiation [14]. LIB is initiated just within the
shadow face of a water droplet with a < 60 pim and in air just outside the shadow face of a water droplet with
a > 60 pnm [14]. The addition of salt, such as NaCI or NaNO3, lowers the LID threshold inside the water droplets
[15].

Spatially and temporally resolved plasma emission diagnostics have been used to study the ejection of the
plasma (in the form of a packet) from the water droplet shadow face and the propagation of the plasma (as an
optical detonation wave) from the shadow face toward the illuniinated face and then from the illuminated face
toward the laser [16-18]. These experimental results weri found to be in quantitative agreement with a one-
dimensional hydrodynamic and thermodynamic model of a slab of water irradiated by a laser beam, which heats
the plasma initially introduced within the slab shadow face [19,20].

Spatially and temporally resolved diagnostic techniques have also been used to determine the transmission
through Ihe plasma created by the LIB process [20]. The expanding plasma plume can attenuate the laser pulse.
The decrease of the transmission (from numerous resolvable points along a line parallel to the laser beam) was
measured wig the laser pulse, and tie recovery of the transmission was measured afe the laser pulse [21].
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laser-Induced Droplet Shape Distortions

(1) In the transparent region of water:

Once the rising portion of the input laser pulse (with wavelength in the visible) exceeds tie LIB threshold,
the rapidly developing plasma strongly absorbs the remaining portion of the laser pulse and the laser r..Jiation is
converted into heaL At higher intensity, laser heating occurs throughout the droplet and the air behind the drop-
let illuminated face. At lower intensity, laser heating occurs mainly within the water droplet shadow face. For
the latter case, the resultant temperature and pressure increase produces convective forces and cavitation which
expel material initiaily from the droplet shadow face and then from the rest of the highly distorted droplet.

Using the shadowgraph technique, we photographed the temporal evolution of droplet shape distortion
with a framing camera long after the initiation of LIB by a visible laser beam [22]. Both the shape deformation
rate and the recoil velocity of the remaining droplet (as a respilt of material ejected from the shadow face) have
been deduced from the framing camera photographs [22).

A high energy laser beam (with wavelength in the transparent region of water) may not have the intensity
needed to initiate LWB. Nevertheless, a high energy laser beam can distort the droplet shape via electrostrictive
forces. Shape distortion and the ejection of smaller droplets from a single water droplet irradiated by a high
energy laser pulse (with pulse duration of 400 nsec and fluence of -300 3/cm 2) have been photographed with a
framing camera (23]. The distortion amplitude and shape have been compared with a recent calculation which
includes the electromagnetics and hydrodynamics for a water droplet of the same size and for a laser beam with
the same energy used in our experinient [24].

(2) In the absorbing region of water:

When the laser wavelength is in the absorbing region of water, the laser radiation can directly heat the
water droplet without the need to first produce a plasma that can then absorb the laser radiation. At laser
energy below the explosive vaporization threshold, direct heating of the droplet can lead to droplet shape
distortion without any vaporization. For example, direct heating of the illuminated face of a water droplet
with x = 30 (see Fig. 2 for the internal intensity distribution) by a CO2 laser beam can cause droplet bulging at
the illuminated face as a icsult of lowering the surface tension of the illuminated face and of thermal expansion
in the cresent-shaped region in which the laser heating is initially localized. Although the electrostrictive force
observed for the transparent case [23,241 is still present in the absorbing case, the electrostrictive effect is
smaller than the hydrodynamic and thermodynamic effects in the nonuniformly heated water droplet.

A framing camera has been used to record the time evolution of the shadowgraphs of a water droplet
irradiated by a CO2 laser pulse with an energy exceeding the explosive vaporization threshold [25,26]. The
ejected vapor plume and the liquid streaming from the illuminated face of the laser heated water droplet cannot
be distinguished in the shadowgraphs. BotL the ejected vapor and the liquid (in the form of smaller droplets and
irregularly shaped fragments) produce u dark image when the shadowgraph configuration is used.

A new fluorescence imaging technique has been developed [27] to provide a greater contrast between the
ejected vapor plume and the liquid droplets. The experimental configuration for the new fluorescence technique
is shown in Fig. 3. A CO2 laser beam (idealized in the form of a Gaussian spatial profile and propagating hori-
zontally along the x axis) irradiates three to five water droplets flowing downward in a linear stream along the z
axis. A cati- c dye, R'lodamine 6G (R60), with a concentration of -104 M is dissolved in tho water droplets.
R60 fluoresces in the green when excited by a UV probe la•er (N2 laser emitting at X - 0.3371 Pro) which is
propagating alon the -x axis in the direction opposite to the CO2 laser beam. Among the dyes with high quan-
tum yield in water, R6G is specifically selected because its quantum yield is nearly independent of the water
temperature. Thus, the fluorescence intesity from the original droplet heated by the CO2 laser and from the
numerous ejected/abatecred dropkes is less dependent on the water temperature. The fluorescence image of the
droplet and the ejecte/shattered material is detected by a CCD camera placed along the y axis at 90" to the N 2
and CO2 laser beam directions. The CO2 laser pulse shape as a function of time is shown in Fig. 3 (upper left).

Figures 4 and 5 show the fluorescence images recorded at different time delays after the start of the CO2
laser pulse. Each fluorescence image has five or seven droplets, referred to as droplets I through 5 or droplets 1
through 7, counfing the droplets from the top of each image. Each fluorescence image corresponds to a different
CO2 laser pulse, and each plsde unadvoidably has a different spatial distribution. The highest intensity is
centered at droplet 2, 3, or 4.

InFigs.4and5,thefluorescenceintesityfom R6G in the liquid phase is higher than that from R6G in
the vapor phase for the following reasons: (1) the quantum yield of R6G in the vapor phase is -18% and that of
R6G dissolved in water is -95%; (2) the vapor pressure of R6G is much lower than that of water and, thus, there
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Fig. 3. Scbematic of the experimental arrangement used to record the fluo-
rescence image of droplets flowing in a linear stream (vertically along
the z axis). The CO 2 laser used to heat the water droplets propagates
along the x axis, the N2 laser used to excite the dye fluorescence pro-
pagates along the -x axis, and the two-dimensional CCD detector used
to record the fluorescence image is located along the y axis. A green
filter is used to block the scattered N2 laser radiation and to transmit
the dye fluorescence. The temporal pulse shape of the CO2 laser
radiation is shown in the upper left.

are fewer R6G molecules than water molecules in the vapor phase as a result of the thermal vaporization process;
and (3) even if there are R6G molecules in the vapor phase as a result of an explosive vaporization process, the
density of R6G molecules in the vapor phase is much lower than in the liquid phase, since the volume of the
vapor plume is much larger than that of the droplet. Therefore, the combination of the lower R6G quantum
yield in the vapor phase, the lower vapor pressure of the R6G compared to water, and the lower density of R6G
in the vapor plume makes the fluorescence imaging technique particularly advantageous for the study of droplet
shape distortion and material ejection/shattering in the liquid phase without interference from the fluorescence of
R6G in the vapor plume. When the shadowgraph technique is used, both the ejected vapor plume and the liquid
produce a dark image. We are, therefore, unable to distinguish the ejected/shattered liquid from the vapor
plume or to distinguish the disorted shape of the original droplet from the ejected liquid material emerging from
the water droplet illuminated face [2.5,26].

The water droplets shown in Figs. 4 and 5 are irradiated with an average CO2 laser fluence of -3 J/cm 2.
Assuming that the geometric cross section of the droplet is Xra2 (where a = 50 fAm), the estimated laser energy
intercepted by the droplet Is -2.4 x 10-4 j. The estimated temperature rise within the cresent-shaped volume
(shown in Fig. 2) is -390"C. This temperature exceeds the superheated temperature of water (generally accepted
to be 305C), the temperature in which water can exist in the metastable liquid state before spontaneous nuclea-
tion of bubbles occurs when there is no nucleation site [28].

Figures 4 and 5 show the fluorescence images of water droplets (containing 10-4 M R6G) at At = 1, 3, 7,
10, 12, 15, 25, and 45 ptsec flM, the onset of the CO2 laser pulse. A gray scale is used to represent the fluo-
rescerice intensity. T"he scale is chosen to display the weaker fluorescence intensity from the ejected/shattered
droplets and, thereby, to allow the fluorescence image inside the parent droplet to be saturated.
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Atp=1 sec At- 3 lsec At 7 psec

At= 10 I sec At =12 tsec At= 15 Isec

Fig. 4. Fluorescence images of five water droplets (containing 10-4 M R60
dye) recorded at six time delays (At - 1, 3, 7, 10, 12, and 15 jtsec)
aftr= the initiation of the CO2 laser pulse. The different images
correspond to different CO2 laser puises which have their highest
intensity at either droplet 2 or droplet 3 (counting from the top of
each image). 11e CO2 beam direction is from left to right. The
fluorescence intensity within the droplets is allowed to saturate in
orde. to display the fluorescence image from the ejected material.
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At = 25 jsec

At =45 secc

Fig. 5. Sanm as Fig. 4 except that the fluorescence images are of seven water
droplets (containing 10-4 M R60 dye) recorded at At = 25 and 45 gLsec
ftir the initiation of the CO 2 laser pulse.
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At At I psec, Fig. 4 shows that the water droplets remain nearly spherical. The higher fluorescence
intensity at the droplet rim indicates that the droplets are lasing upon excitation by the N2 laser pulse [29].1

For the fluoresence image taken at At = 3 tsec, the CO2 laser radiation is most intense for droplet 2.
Figure 4 shows that the illuminated face of droplet 2 is flattened as a result of significant material removal
by explosive vaporization. The fact that it takes 3 psec before significant material removal is evidence that
nucleation and subsequent cavitation require an incubation time of several microseconds even though the
illuminated face is superheated. The shapes of droplets 1, 3, 4, and 5 which receive less CO2 laser radiation
appear to be distorted without much material removal. Shape bulging of the illuminated face can result from
lowering of the water surface tension and from thermal expansion in the cresent-shaped region in which most
of the CO2 laser radiation is absorbed (see Fig, 2).

For the fluoresence image taken at At = 7 Jtsec, the CO2 laser radiation is most intense for droplet 3. At
At = 7 psec, Fig. 4 shows that material is now being ejected for all the droplets. Droplet I indicates significant
material removal from its illuminated face, which is tilted because of the intensity gradient in the spatial profile
of the focused CO 2 laser beam. Material ejection in the form of long fragments is observed. The long At needed
before material ejection for droplet I supports the premise that, when less heat is deposited in the cresent-shaped
region, explosive vaporization for a water droplet requires a longer incubation time. The three central droplets
(droplets 2, 3, and 4) are propelled as a result of material ejection. Furthermore, these three droplets become
elongated in the direction perpendicular to the CO2 laser beam, start to bend toward the droplet shadow face,
and develop a "skirt" at the droplet shadow face. Discrete images of small droplets behind the illuminated faces
of droplets 2, 3, and 4 are discernible. The fuzzy image behind the illuminated face of these three droplets can
be either fluorescence from smaller droplets outside the image plane or Rayleigh scattering by the water vapor
of the bright fluorescence radiation from the highly distorted droplets 2, 3, and 4. The fuzzy image in front of
the shadow face of droplet 3 can be from the skirt, which is partially outside the image plane.

At At = 10 lisec, most of the fuzzy images present at At = 7 gsec are no longer observable behind the
illuminated faces of droplets 2, 3, and 4. The disappearance of the fuzzy images suggests that the vapor and/or
the small droplets are displaced from the field of view by the subsonic pressure wave associated with explosive
vaporization at the droplet illuminated face. Furthermore, the smaller droplets can also be vaporized. Discrete
droplets of a larger size can be clearly observed behind the illuminated faces of droplets 2 and 4. For droplets 3
and 4, skirts have developed.

At At = 12 Jisec, droplet propulsion continues with droplet 3 having recoiled the most and droplets 2 and 4
having recoiled less than droplet 3. Small droplets behind droplets I and 5 are readily observed. For the fluo-
rescence image at At = 15 p±sec, the CO2 laser radiation is most intense for droplet 2, which has recoiled the
most. The irregularity of the recoil distance among the five droplets is illustrative of the irregular spatial profile
of the CO2 laser beam. Droplet ejection from the skirts of droplets I and 5 is noted.

For the two fluorescence images at At = 25 and 45 pasec, a total of seven droplets is shown in Fig. 5.
Droplets I and 2, which are barely irradiated by the CO2 laser beam, remain nearly spherical and experience no
recoil. hi fact, droplets 1, 2, and 7 provide a convenient reference of the size and spacing of water droplets in a
linear stream. At At = 25 gtsec, the elongate" droplets 3, 4, 5, and 6 are beginning to break up into many frag-
ments because of hydrodynamic instability. It is now difficult to assign the origin of these fragments to each of
the original droplets. By At = 45 tsec, the original droplets are completely ,hattered into fairly large fragments,
which are propelled -15 droplet diameters away from the v'-rtical line defined by the linear stream of water
droplets.

CONCLUSIONS

A large number of nonlinear optical interactions have been obsercd when a high intensity laser beam
(with wavelength in the visible region of water) irradiates a single water droplet with a >> L The most domi-
nant nonlinear effects are SBS and SRS, which have intensity thresholds well below that for LIB, Once LID is
initiated during the rising port.ion of the laser pulse., a normally transparent droplet becomes absorbing and,
thus, quenches SRS and SBS. The remaining portion of the laser pulse causes explosive vaporization of the entire
droplet. When a high energy laser beam (with wavelength in the visible region of water) irradiates a single
water droplet, electrostrictive forces distort the droplet shape and cause droplet shattering.

Direct laser heating can result when the laser wavelength is in the absorbing region of water. A new
fluorescence imaging technique which can provide a greater contrast between the liquid and vapor phases of the
ejected material has been applied to the study of water droplets irradiated by a C0 2 laser pulse. We have
observed droplet shape distortion, ejection and shattering of small liquid fragments, droplet propulsion, and total
disintegration of the original droplets into several large liquid fragments.
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DZSCUIBZON

1. NVZLS
In nature, rain drops are not spherical. What happens when a high intensity laser beam
interacts with a r&in drop?

AUbRo8 RZ PLT
This is an astute question. For falling rain droplets, especially those with radii >1
pm, the inertia effect causes each droplet shape to deviate from a sphere to an ablate
spheriod or even a flat-bottom droplet. The inertia effect is dependent on the Weber
and Reynolds numbers of the droplet. The droplet shape can be calculated as long as the
Weber number is <5 and the Reynolds number is <500. Dr. David Dandy of Sandia is an
expert in this area. The morphology-dependent resonances (MDRs) of a sphere can be
readily calculated by the Mie formalism. Each MDR is specified by the mode order
(affects the radial distribution) and the mode number 1 (affects the 0 distribution,
where e is the zenith angle). For a sphere, the azimuthal distribution (the 0 angle),
which is described by index m, is degenerate since all the great circles of a sphere are
the same. By symmetry, m-1. However, for a prolate spheroid, the perimeter length
depends on 0 and m can take on values from m - 0,1,2 .... 1, analogous to a magnetic
system with angular momentum e and magnetic quantum numbers m.

A high degeneracy MDR of a sphere will split into numerou& MDRs of a prolate or
oblate spheroid. Profs. Peter Barber and Steven Hill of Clarkson University have used
the T-matrix formalism to calculate such splitting for small droplets (with size parame-
ters <100). Prof. Kenneth Young of the Chinese University of Hong Kong has recently de-
veloped a perturbation approach that can calculate the NDR splittings which are inde-
pendent of the droplet size parameter. The MDR splittings are dependent only on the
ratio of tho droplet semi-major to semi-minor axes ratio and the MDR mode number 1.

The degeneracy split MORs give rise to more spectral peaks in the linear and nonlin-
ear spectra and thereby cause complications. However, once we are more comfortable
dealing with spheroids, the degeneracy split MDRs in the stimulated Raman spectra can be
used to provide both size and shape information, in addition to species identification.
Experimentally, we have indeed observed degeneracy split HDR peaks in tLd stimulated
Raman scattering spectra and are in the prccess of documenting our observations of these
closely spaced (in cm-1) spectral peaks of nonspherical droplets with 1 - 460.

C. GZBBNOB
You may have already answered my question from your response to the previous quastion,
but could you envisage application of your technique to the measurement of the distribu-
tion of drop-sizes in rain, which is very hard to measure accurately.

AUTNOR19 RIPLY
High accuracy droplet sizing can be deduced from the frequency spacing (in cm-1) of the
stimulated Raman scattering peaks, which are related to the morphology-dependent reso-
nances of a sphere of a specific radius. To deteruine the size distribution of rain by
this technique, it is important that only p_= droplet be sampled by the collection
optics for emah laser firing. This limitation is no different from that required in
other optical sizing instruments. However, the additional requirements of the morpholo-
gy-dependent resonance peak sizing tuchnique are that the rain droplet circumference-to-
wavelength ratio (size parameter) must be >10 (better if >50) and the rain droplet shape
must not be too nonspherical.
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SUMMARY

The computation of aerosol absorption and scattering coefficients is normally
a lengthy process, so that atmospheric slant path calculations rely on
selections from pro-calculated data. This paper describes an investigation in
which the calculated coefficients are stored in a parameterised form. The
object was to encompass a wide variety of cloud and rain types in a data set of
manageable proportions.

Atmospheric aerosols and rain are characterised by the mass density, size
distribution n(r), and shapes of the constituent water drops or ice crystals.
Particle shapes may be irregular - in ice clouds, snow and rain for example -
but for the calculations reported here are assumed to be spheres of equivalent
volume. We adopt the modified gamma function, first proposed by D.
Deirme~nd)Lan, as n(r). The original form of the function contains four
parameters. To facilitate the parameterization, we regroup them into two
physically meanngrul parameters r (critical radius) and 6 -a7 , proportional
to the slope of n(r) around rC. TAen we express the absorption and scattering
coefficients calculated from Mie theory as a polynomial in temperature and
frequency. These coefficients in the polynomials are stored for retrieval and4nterpolation during a slant path calculation. The parameterizatJon is quite
general and includes the Marshall-Palmer relation for rain, the Laws and Parsons
and inverse power distributions.

1. INTRODUCTION

For the calculation of attenuation, or radiance, along a slant path the
atmosphere is subdivided into several homogeneous horizontal layers, each of
which is assigned mean values for temperature, pressure and species
concentrations. Layer properties arid boundaries are determined with a pre-
selected atmospheric model, which includes cloud and rain selections. Cloud
(rain) attenuation properties are altitude dependent and must be calculated or
retrieved from tables for each atmospheric layer in which they contribute. In
general the computation of extinction coefficients for hydrometeors (clouds,
rain, etc.) is a lengthy procedure requiring Mie theory and cannot be
considered during a slant path calculation.

Many different types of rain and cloud occur in nature and some limited
expression of these must be selected for inclusion in practical computer codes.
Since the calculation of the absorption and scattering properties of these
particulates is computationally intensive it is usual to use pre-calculated
values in practical radiance computations, but tables of coefficients for all
the conditions found in the atmosphere would be too extensive for ganeral use.
This paper describes an investigation into using generalised pre-calculated
coefficients to obtain the attenuation for a variety of particle types and drop-
size distributions. When this study began our interest lay in the microwave
region (up to 300 GHz) so it is to this part of the spectrum that this paper
relatei, although the method should apply generally and we expect to extend it
in the future. in the microwave region the absorption and scattering by clouds
is negligible but attenuation by rain, and beam depolarisation by both rain and
ice clouds, can be important.

We consider a group of water or ice particles with size distribution given by
DeirmendJian's modified gamma function [11. The particles are assumed to be
spherical: small cloud drops are nearly so while raindrops tend to be oblate, if
large [2], and ice crystals (31 have many shapes. Although DeirmendJian's
modified gamma function is quite popular, there exist other functions, such as
the inverse power law (e.g. for continontal aerosols [4]), Laws and Parsons [5]
distribution, and bimodal distributions (6]. Yet a summation of several
Deirmmndjiwn distribitfons, assuming no interaction between them, will
approximate these othor polydioipersions. With some simplification the four
parameters of the Deirmendjian distribution can be reduced to two. Mis theory
is then used to calculate the absorution and scattering coefficients which are
then fitted by a polynomial in temperature and frequency. The coefficients for
the fitted polynomials are tabulated for various distribution parameters.



2. MIE CALCULATION AND POLYNOMIAL REPRESENTATION

The absorption and scattering coefficients are computed from the expressions

2
= rr Q (x) n(r) dr, in 1/length, (1a,

•a abs

2
P = Sir r (x) n(r) dr, (lb)

The Q4bS and Q$(A are the absorption and scattering efficiency factors
respectively for a single particle of radius r, expressed in terms of Mie
Coefficients for the size parameter x = 2rr/X [1, where >,is the wavelength.
n(r) is the dropsize distribution function, which is discussed in the next
section. The coefficients A and 1L are fitted to Eqs. (2a) and (2b) by means
of least squares.

nt n,

Z Z a t f, (2a)
i=0 j=0 ij

nt n .

Z =Z s t f, (2b)
i=0 j=0 ii

Here t is the temperature in Kelvin and f the frequency. These calculations are
carried out for various n(r), t and frequency and the polynomial parameters aj.
and s. are tabluated for use in atmospheric path calculations.

3. THE SIZE DISTRIBUTION n(r)

In a particular frequency range, we assume that the dropsize distribution for
either water or ice is given by the modified gamma function with the four
parameters first proposed by Deirmendjian [1]:

n(r) = a r exp(-b r7 ), a, ^>0, b > 0. a>-4, (3)

This form of monomodal distribution is in fact quite general. It includes the

well-known Marshall-Palmer distribution [7] for rain

n(r) = 16000 exp(-8.2 R7
21 

r) in mm- 1 m3 , (4)

where R is the rain rate in mm/hr, and also the inverse r distribution with
a> -4,Y 1, b = 0. The alternate form of the distribution is

n(r) - a ra exp [a/ - ) (r/,)7], (5)

where the critical radius rc (radius of maximum occurrence) is given by

rc - (a/b'Y) (6)

For finite range of radii between two cut-off values, negative values [8] of aX
and 7 can be used in Eq. (3). For the present application the conditions given
in Eq. (3) are more suitable. In general Eq. (5) is physically more meaningful,
except for O < 0, when rc is not defined. In this case either the meaning of -,
has to be re-efined for Eq. (5), Eq. (3) used with re-defined b, or Eq. (4)
used for a - 0. Here we use Eq. (5) and reduce the number of size-distributionr-
parameters to two, by means of the quantities liquid (or solid) water mass
density, M, total number density N, and dn/dr:
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tM JFP (4/3) r r n(r) dr

. a F r at. --t)_ (7)

N3 /; cllý ( (X' ry

dn/dr - f 1 - _i IT (9)
r r

where 5 -cX and Ar - r - r
C

The F and P are respectively the conversion factor and the density of the
hydrometeor.

Eqs.(6)-(9) enable us to choose a new set of parameters in place of a, b, c,
Y. The critical radius, T%1 is a good new parameter since it shows the location
of the maximum of n(r). Te other parameter is 5 waY, which describes the
behaviour of n(r) around rxc - Eq. (9) gives the slope of n(r). For large5 , the
drops are more concentrated around rC, but for small 6 they are more widespread,
Figure 1. For example, with 6 - 10, an 80% change in r will drop n(r) by 90%,
but with 5 - 20 a change of 50% in r has the same effect. For 6 - 0, the
Marshall-Palmer distribution is obtained, with rC in the tables for computer
access (see below) re-defined as the rain rate. For negativea , rc is not
defined, but b a 0. The remaining parameter, "a", is a normalization constant
which is fixed by normalizing to M-1 g/m 3 in (7). Alternatively we could have
chosen to normalize N instead of M, but this is less convenient as ii may vary
over many orders of magnitude, depending on the type of hydrometeor.

4. CALCULATION OF COEFFICIENTS AND POLYNOMIAL FITTING

We first tested the effect of varying a for fixed 6 and it wag fortnd that the
behaviour wan about the same for both the absorption and scattering
coefficients. Thus it is usually sufficient to characterize a distribution with
just the two parameters 6 and rC and in our calcluations we adopt the following
values of

O- 0 for 5 -0,
%1- 2 [or 6 < 8, (10)
a- 8 for 6 > 8.

For greater accuracy, a small correction may be applied to the absorption and
scattering coefficients which taken into account the differences arising with
other values ofa , see Section 6. With c determined by (10) then , for a given 6
and r, the values of parameters a,a , 7 and rC (or alternatively a, b,cf',^
are fixed. For the special case 6 - 0, we obtain the Marshall-Palmer
distribution, in which the only other parameter needed is the rain rate; for
this one case, in our computed tables of at and sfj the parameter rcis the rain
rate, not the critical radius (see Tables I and 2).

For a given set of size-distribution parameters, 6 and rr, the absorption and
scattering coefficients are calculated over the frequency ringe of interest.
These coefficients are then fitted by least squares to polynomials, Eqs.(2a) and
(2b). if necessary the frequency range is broken down into smaller,
overlapping, ranges to improve the quality of fit. Alternatively the orders of
the polynomials may be increased. Calculations for water drops and for ice
crystals are separate on account of their different refractive indices.

Absorption and scatterinq coefficients werp computed for varioub selections
ofb , and i for a frequency range of I to 300 GHzo. Temperatures were nselected
between 253.2 K and 308.2 K, for water, and between 253.2 and 273.2 K for ice.
The resulting coefficients vary over several orders of magnitude. For example,
with a - 6 and rC- 250 Am, characteristic of moderate rain, the absorption
coefficient. vary from 4.10xlO0" at 1 GHz to 1.01xl0"6 at 300 GHz, and those fer
scattering from 1.61x10" at I GHs to 1.73x10-4 at 300 GHz. For some n(r) the
coefficients vary over seven orders of magnitude, and it was found necessary to
divide the frequency interval into two rangest 1 to 15.4 13H1 and 15 to 3.00 GHz
(for both liquid water and for ice hydrometeors). In each range nm- 8 and
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n.- 9, for absorption and scattering respectively, Eqs.(2a, 2b). On the other
hand the variation with temperature is much less, so that the range in
temperature encountered in the Earth's atmosphere can be accomodated with one
quadratic polynomial each for p and P. Thus for these calculations there are
a total of 27 polynomial parameters for absorption and 30 for scattering, for
each size distribution. Table 1 is an example of the results and shows some
tabulated parameters for scattering which, with Eq. (2b), can be used to
generate scattering coefficients for particle size distributions specified by
S- 6 and rc 0.05, 0.10, microns, etc. Figures 2 to 4 show examples of the
differences found between the Mie calculations and the computations from Eqs.
(2a, 2b). In general the accuracy is quite good, at most a few percent, except
for some cases near the ends of the frequency range. Near 300 GHz the
discrepancy rises to over 10% in some cases.

5. PARAMETER USE IN ATMOSPHERIC SLANT PATH CALCULATIONS

For retrieval and use by our slant path computer program the polynomial
parameters are organised into a tree-structure as shown in Figure 5. Retrieval
of the required set of parameters then follows down the links, e.g. the sequence
CLOUD-->TABLE-->CUNB collects any default values that may be required for 6, r.,
and also the altitude profile for cumulonimbus cloud; then the parameters
required for the calculation of absorption and scattering coefficients with Eqs.
(2a, 2b) are obtained with the sequence PARAM-->WATER-->FREQn-->[ABSO-->
delta(*)-->cr.radius(*)j SCAT-->delta(*)-->crit.radius(*)). Interpolations are
indicated by (*) and the appropriate frequency member FREQn is selected for the
calculation, or more than one if required. For the case where the specified 6
and r. coincide exactly with the tabulated values the appropriate parameters are
retrieved and the absorption (or scattering) coefficients calculated. In other
cases interpolations are carried out over r and again overb , using a 3-point
Lagrangian scheme. At the present time these interpolations have to be
performed on the calculated absorption coefficients, rather than over the
polynomial parameter sets, which would be more efficient. This process provides
absorption coefficients for the specified temperature, for unit path and unit
mass. Multiplication by the appropriate water (or ice) mass density and path
length then follows.

Table A shows parameters for certain types of cloud and rain. A table like
this is stored in the parameter data set (TABLE in Figure 5). By means of the
acronym a user can select default values for a particular hydrometeor. The
parameters for ice and water are different, on account of their different
refractive indices, and are stored separately, Figure 5.

Program instructions then take the form

CLOUD,CUNB

CLOUD Idelta,crit.radius,liq.wat.mass,base,top,cover

RAIN,HE 1,rain-rate,,top

CLOUD,CUNB ; ,,liq.wat.mass,base,,cover

etc

The program uses any parameter specifications that are givan. If the cload or
rain type is specified with a recognisable acronym then any missing parameters
are obtained from the appropriate TABLE, for clouds or rain respectively, which
also contains default values for base and top altitudes. Provision is also
provided in the data sat for altitude structure in specified clouds, which are
stored as members bearing the cloud name (acronym).

Each sot of stored parameters has stored with it any instructions which will
be required by the program, such as the number of terms in the polynomial for
temperature, for frequ"ncy, and sometimes, if required, the interpolation scheme
to be employed. Similar data sets are used by the program for molecular
continua, spectral line shapes, aerosol absorption and scattering coefficients.
A curro~nt change being introduced in the program instruction list is recognition
of the generic nume PARTICLE, so that a cloud instructJon could also be entered
as

PARTICLE,CLOUD,CUNB I etc

The program then looks for a member name CLOUD in the data set, and proceeds as
before. At this point it is clear that one can introduce cloud data under
different names (CLOUL', CLOUD2, etc), or something quite different, e.g. SMOKE,
which the program does not have to recognise but will find in the data set.
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6. CORRECTION TERMS FOR DIFFERENT VALUES OF

As mentioned in Section 4, we need some correction if we are concerned with
the attenuation results when a values are different from our those given in

(10). To first order no correction is required for absorption. The first order
correction to the scattering coefficients obtained using Eq. (2b) is independent
of temperature and frequency,

"y (-- /( (11

(S-00

where 7/is obtained from ^Y= 6/wand on the left-hand side the parameters in the
denominator are the conditions of the stored data and in the numerator those for
the desired type of cloud. Hfigher order corrections can be considered but these
depend on both frequency and temperature and are to be avoided if possible.

7. CONCLUSIONS

This paper describes a method for including clouds and rain in atmospheric
radiation attenuation calculations. Hydrometeor extinction properties are
stored in parametric form which permits flexibility in specifyinc, a particular
cloud or rain for inclusion in atmospheric calculations. The study was made for
the 1 - 300 GHz spectral range and extensions to higher frequencies are planned.
Future work will also seek to improve the parameterization and interpolation
schemes, with a view to greater accuracy, smaller data sets and less computing.

Some work has also been done on including beam de-polarization, as cross
polarization discrimmination, with some preliminary consideration of the plate
and needle shapes of ice crystals. This is incomplete but is of special
importance in the microwave region where ice clouds, which do not attenuate
significantly, can cause appreciable beam depolarization. Other aspects which
can be considered in the future include wind effects, on rain for example,
multiple scattering and the extension to non-spherical particles.
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Table 1. Example of Coefficients for the Pitted
Formulae - Scattering by Cloud (37_•T

ng nt r Freq. Range
(GHz)

CLOUD SCAT 9 2 6.00 0.05 1.00 15.40
-1.8843779E-23 4.4453726E-23-4.0153285E-23 1.8689932E-23-3.6342072E-24

8.3739242E-25-9.1734958E-26 5.0781565E-27-1.6693780E-28 2.3650991E-30
1.1867653E-25-2.8102622E-25 2.5571114E-25-1.2005028E-25 3.2645043E-26

-5.4718505E-27 6.0419985E-28-3.3628904E-29 1.1115008E-30-1.5832584E-32
-2.1927926E-28 5.1893085E-28-4.7199189E-28 2.2153221E-28-6.1004012E-29
1.0084202E-29-1.1052746E-30 6.2066713E-32-2.0542993E-33 2.9252039E-35

CLOUD SCAT 9 2 6.00 0.10 1.00 15.40
1.3517840E-22-3.2497515E-22 2.9297562E-22-1.3654296E-22 4.8115454E--23

-6.0031423E-24 5.5574625E-25-3.8013198E-26 I.2990014E-27-1.8282985E-29
-1.2007875E-24 2.8699012E-24-2.5752112E-24 1.1929423E-24-3.2024213E-25

5.1949695E-26-4.8898129E-27 3.2413728E-28-1.0987481E-29 1.5416340E-31
2.2364802E-27-5.3401138E-27 4.7865923E-27-2.2142365E-27 5.8731908E-28

-9.6218220E-29 9.1111081E-30-5.9788097E-31 2.0219819E-32-2.8347340E-34

Table 2 Some Cloud and Rain Default Parameters

Name Acronym 8 rc (u in) M (g/miw) Ref Remarks

Mist MI 0.5 0.05 4.948E-5 1
Drizzle DR 0.5 50 0.4948 1
Light rain LI 1 70 0.117 1
Moderate rain MO 4 333.3 0.509 9
Heavy rain HE 6 600 2.110 9
Marshall-Palmer MP 0 10 0.6153 .- rain rate
Continuous rain CO 0 5 0.3437 r- rain rate
Nimbostratus NS 2.41 9.67 1.034 9
Stratus ST 3.9 6.75 0.379 9
Altostratus ALST 5 4.5 0.41 10
Altocumulus ALCU 5 4 0.39
Stratocumulus STCU 5.95 5.33 0.141 9
Cumulus CU 6 4 0.06255 1
Cumulonimbus CUNB 3 5 0.16 10
Nacreous NA 24 2 0.00377 1
Cumiliform CUFM 4 4.5 0.08
Heavy Fog HF 3 10 0.37 10
Moderate Fog MF 6 4 0.06 10
Land Haze LH 1 0.07 1.167E-5 1
Noctilucent NO 7 50 0.06 Ice cloud
Cirrus CI 6 110 0.916 Ice cloud
Cirrocumulus CICU 6 !00 0.6 Ice cloud
Cirrostratus CIST 6 75 0.39 Ice cloud
Hail HA 2 1000 0.2878 Ice cloud

---- ---- ---- -- --
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Figure 5. Data Set Organisation for Clouds and Rain

(Member lists for members with lower case names
contain numerlc entries for Interpolation, etc,)

HYMET

1 1 -
CLOUD RAIN

ALST STCU CU TABLE PARAM PARAN TABLE L1 Mo HV
(sit. profiles. 0o) (defsulte) (df91"ta) (sit. profiles, eta)

WATER ICE

frIq2 'reql freq2 1reqi
(etc) (0et) (etc)

SCAT A 10
(*to)sc r AU

deltc4 deltas delta2 deltal
(eta) (0et) (e*t)

c.ra4d4 cradl c.rod2 cradl
(date) (date) (date) (dets)

DISCUSBSON

V. MILES
Are you making an assumption that the rain particle size distribution is constant with
altitude?

AUTMOR'S UPLY
No. Provision is made in the data set for storing altitude profile information - under
member names with the acronym for the particular cloud or rain type.

E. BRITTL
I have a comment and a question. First, a comment, for clouda LOWTRAN and FASCODE
already do an analytic calculation for wavelengths longer than 0.2 mm. This uses the
liquid content of the cloud, since you are in the Rayleigh limit, details of size are
not important and analytic expressions for the refractive index exist for water and ice.
Second, for rain, several others have developed analytic expressions for millimeter
wavelength rain scattering and absorption. Ono recent one was by R. Issocs, et al. in
Applied Optics a year or two ago bated on earlier work of R. Savage. Have you compared
your expressions with any others?

AUTEOR21 REPLY
In response to your first point, we are aware that the Rayleigh approximation can be
applied at these frequencies. In fact, absorption and scattering by clouds are not too
important. But our prime objective was to develop a procedure for our computation which
could also be applied at higher frequencies, in the infrared and visible. Regarding
your queation, these calculations were done by my colleague Dr. Lui and I do not know
whether he has made such comparisons. I rather think not. Thank you for your comment,
I'll inform him.
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INFRARED PROPAGATION IN TIlE AIR.SEA BOUNDARY IA.YER

R. Larsen and K.A. Preedy
GEC-Marconi Research Centre.

Great Baddow, Oeirmef•rd.
Essex. CM2 8HN, U.K.

G. Drake
Futue Systems Laboratory, GEC Sensors Ltd..

Christopher MartinRoad,
Basildon. Essex. SS14 3EL. U.KX

I INTRODUCTION

Over the oceans ard other large Lodies of water the structure of the lowest layers of the atmosphere is often strongly modified by evaporation of water vapour
from the waler surface. At radio wavelengths this layer will usually be strongly refracting or ducting, and the layer is commonly known as the evaporation duct.
However. the refractive index of air at infrared wavelengths differs from that at radio wavelengths, and this paper examines the effects of the marine boundary
laby on the propagation of infrared radiation.

Meteorological models of the nir-sea botmdary layer are used to compme vertical profiles of temperature and waser-vapour pressure. From these am derived
profiles of atmospheric refractive index at radio wavelengths and at infrared wavelengths in the window regions of low absorption.

For duct propagation to occur it is necessary that the refractivity of air decreases rapidly with in=crig height above the surface At radio wavelenigths. this
us-ally occurs when there ii rL stron la of waier vapour lxessur with increasing heighL By contrast, at infra-red wavelengths the refractive index is ahlim!
independent of wawt vapomr pressure. and it is found that atn infra-red duct is formed only when there is a temperature inversion.

2 REERACI= OF AIR AT INFRA-RED AND RADIO WAVELENGTHS

a) Infrn-red wavelengths

"The complex refractive index of air in the infra-red (IR) region of the electromagnetic spctrum is dominated by the effects of water vapour. In this region there
are a large number of vibrational mid rotational resonances of the polar waler molecule. These resonances affect both the real and imaginary parts of the refractive
index.

The imaginary Iprt of the complex refractive index determines absorption, the real part - i.e. that which is usually implied by the simple term "refrative index'
- determines refaction. The resonances cause intense absorption of [R at particular wavebands. but clear window regions of low absorption occur between
resonances. The resonances also contribute an anomalous term to the atmospheric refraction (Le. to the real part of the complex refractive index).

The refractivity, N, at IR can be written as the sum of three teums. a dry term N, accounting for the atmospheric gas contribution, a wet term N. accounting for
the waser vapour contribution and an anomalous term N, accounting for resonant effects. Thus

S= N,+ N. + N. (. )

Formulae for these terms at IR are given by Hill [1]. When conveted to appropriate units:-

Ni=0.284NqE and N.=-12.79-
T T

and thus

P e - 3
N = 0.24N E- 12.79 +, ()

T T

where P = pressure in mb
T - Temperature 'K
e = Waer vapour pressure (mb)
N. - Refractivity at T-288"K,P 1013 mb

The refractivity N. varies with wavelength [1] according teo-

- 64.32+2949S.1 255.4 .(4)
146•r, 41-V

whtre X is the wavelength in pm.

It can be ween from Equation 3 and 4 that a ira-red wavelengths the continum value No (N N, + N.) is Only wea[ly deiiedento 0 waaveklengt It can also be
seen feron Euanlic 3 tlh the dry tewm domimt the wet tam under normal conditiom. For example, ifX=-10 9im. P 1013 mb. T -288K ade =17 mb
C.e. ak is mooned) then

N., -272,6, N, = 272.3 and N,= -0.75

In die window reglion betwem a reonanesa (Le. in the 3-5zm sad 8-14PMjz bos) the atomalous tem Nis fomnd to be small [i], e.g. in the 8-l4m
regiona i n eal Isi approximay -2 N-suik

b) Ratio wavelengths

At ralo waeleatgth the re m s of the w*am vipow molecuie we no longer importmat, mad the refractivity of air may be considered to have a value do is
1 4 o fiequmcy up to milltmere wave frepatcles. The refractivity aain cIPIePId on atmospheric presue, temperaiur sta waar vspow cuottnt, and

is give- [21 b

V GEC-Marcomi Limited 1999
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77A' .5

U~dermomaalcmaditioni (P - 1013 sb. T.-2WK and e 17 mb.mn Aove) wefind

H, -272.9 and N.- 76.5

Note that te dy temisnsinian to or to ordcI a see but do e t l Un= N.is vry duchlare ha nte R case. Antbgttmftdry term is Bll
ragianitly @ than ~th wet sms, i isfound inarctmdot th de nor o wdvm m wo vaorrso Cut o aJn aiVrain

in t~activity Uthi do vndnot in sepuers . La. N. Onomsa mor widely tha N.

The cocuscion (scam SEitii (3) and (5)1 is this t doe rafrualve dbcts will be doraidied by do vertica teinpaime profile of die annowbam wbfl at
radio wsvelogias the wiso vapow Pofile is Of - inmporaton For Uotshmg to cucur It is 20MerY tht th refractivity of Uth air 4deaz roamdlvy with

Iur~ hughsoe diesuu'fce. At l dsinsoccurtwhouarsempessmue u nwit ircreasng bright (dcxrb*d as la tmpeatr inventin). At radio
waveleqdut it is usally necremy to have astrog J~apa of waw vapouw poare with height to form a duct. However. th tempertue profile 015I iinportisi
in Uth radio case. mad a maenu van winl roranrce do refractivity gradiet cmarred by a wise vapour lapse, whiLdt a tesfpersture lapse will West= it.

Pratialmemainof Ute ,eq-ire p, I. close ixodwiny to Uth ea are extremely difficutai to somorpliiz. mad oma itudi of oversea propagatio
haew iaide use of Uthoretical models of do -u~ of th botdy lrau.

The Mankm-Ob~ho similerity Uthory concerns the -ctaof Uthme - lyer of atmosrdaere. and it wa used successully to model Uth rafioevorto
duct (31. The basis of do Uteary is thaarin cnacts wiih Uthse surface is stssdmandinthermal equilibrium. The athlosphiere is consideredto be fully abalest
above the surac Heis mad vapour am - g - -t by trbalaxti to the higher Isyes. The Uthory or Mariom sad Obukldbo is valid for Uth lowest few tons of
men.. of Uth amnosphere whaen te vertical flaxes of momenmm. bea amd wow Y vqiou am apprxozkmdy aA5i

For this bomunday region we may derive die folowing pntical height profles of tempeature and wari vampaur p= [31

T-T.D J +k) 
(6ib)

e* msuface value of stansed vapour prsame (mb)
T.- sa surfae temeraure K

h. - effective asa surfe -ougim (in)
L - Monki-Otiddiv staility length (in)
C.D -experimntaal nis
V- Uth . tgre Mortia-Obukhtbav fsunction

The umnkgriad Monikm-buklsov function is a tabulated fuimdio. In cusofs neutal stability it is purely kigaritlmiic. (It should be noted thant ht. represents
Uth surte roughties of a calm sea waface. it is no man effective wavebeightL Thi figure waseie asm 0. 15m man astis was found to be aippopriate from other
radio m~stui)

An inportant linmitani of the theory is Uth requirement for fully developed trbulence. Iin stable atmospiheric condition turbulence is damped out by buoyancy
effects, and km Utae conditions Uth theory bruks down. to genieral. if Uth inverse stability length I/L beoomes appreciably larger than zeo (say 1&L> 1) then diii
would indicate shat Uth theory is no lorger valid.

3-1F.2 i iElr i h oaayL~

The meteorological paersrequired to deduce vertical profiles of temperature, T mand wab- vapour preissue. e me as foallowsz-

T -sea tipsTur
T, - air Sompersture -C a height b

et w~c vapoui pesatmv (mb) at bright h
L4- horizontal wind speed (tals) at beight ht

h -Uth messurement height (Wn above the ma surface.

From UtheeF pner Uth exterimntstl conmstns (C mad D imnuao 6(a) mand 6(b)) may be deduced. Equation 6 may then be used to calculate Uth vaticsl
profikn of sir tempieraurne and watt vapour pressue km Uth sir-sea boundary layer. Some examiple profiles are shown in Figures I mad 2. These were comnputed

frmmeteorological data collected in Uth Gemmai Bight by Brocrks etal [41. The profiles shown me represeni5Mive of avrmW meteorological conoditions is this
saea rs for Uth great majority of the time Ute sur is cooler thin ft mea mrfx>e. leading to a vertical lapse of both temnperature arid water vapour pressure

The cosivated profiles of T asd e wese tred km conjunction with Equwiont (3) mad (5) to ga I era tical profilecs of atmnosphleric refiractivity NmK both IR sod
radio wavelengfdoe U results ame shown km Figure 3. Th I memnqfe presure wa su mid to be 1013 mb. mad Uth pressur lapse rate was take as
-0. 1 sabjn'. The meteorological theory employed hoem applies only to Uth sir-sea boundary layer. mand at large heights above Uth surmf the tampsaunse mand wate

vapur rofle sad twadstone of the normal atmosphieric laps rue.

At Il t diseftactivity proffle cdose lostbe sarto Is damintiodby shrair gumwepedia Ute strong laws of tamipersturt in Uth lowest few metre leas to at
se-ta imrs Of refractivity. Aspte heM ights (above about 5 marest in the Coupqle Ahwn) Ut temperature lapse rase is much smoaler, and Uth refructvisy
9 -n hueresaI I principally fromUtklapsecofiamnospharicb.-w with heighit. In this region Uth refractivity profile ands towards Uth IR sehacsivisy lapse
rme in a varitl atmosphere of about .24 N/ki.

At radowaw thed dry am. indo epression for~qei toftactivity italmousidenuical to tint for UL.However~t ewrmiuF ieuaiomrrarinfluace
sad do greatg lase of wat vapriS 9 alinnur e k tlow few m-e rF km Winson rebaciv ty lapse. At peong heights Utheeftactivity, gradient rouds
oiwnd die normuil aOTIospher r*Wi refractivity lapse rate of about -40 N/kin.

0 CIEC-Marconi Limited 1989



htighl,rm height ,m
20- 20-tls 15 I

10 10-

temperature,(deg. C) water vapour pressur(mb) 1.

FlgurI 1 v"tlca proft of awwmpherc tmperaue Figure 2 VertlcW proftl of water vapoer pressure.

Isaconditions of ranwwerata clos to th xafwr itis efien more ourvenuhas to work in Umis of modified refrartity M (rather fto refrativity N). defined

MA- IN + h. Ur/a

whom M is modified snamospherik rebuativity
IN is conventiocW1mojaei refractivity
h is W&lh above tie surfacA of the Earth (kin)
a is mrae lEarth radius (kin)

Taking the Eart radius as a -6370 km this bocormes:

M-N + 157 h

dA A

20 -20-

IR Radio

10- 10

5 -R LRadio5

0- 0

27 272 338 340 342 27 27 340 3U2 3"
Nt units M Units

Pligos 3 vertca p cflE Gdabopbaric tsadviYly N. porn 4 Verial pridih of mOdWe ralactvit M

noe vmtkeahfuisofmodifieiofzacdit~y M gar t Emd nfo mwawhq-m thamu is FMge 4 (6mea cwuaom spi for uveage vAbrlmogicall cosdltom
hm di Gom Bdigi IlwF~p 3). Rgw.4dickry an dstaidow Oaweegth isasiguilicmtaikfedsiut (I .vaml oprosti wt-wbegkeilh
dec isto b* MWWO 4 ~ - 0. k is aoaS mom I k t dus WAhl Abov sdseainh 6 padm of rafio .odl fldebactlAl becomes 111Aof a nraul
aiosh (410* - +117 Mujohom).

AtE Um Uaees t dooai w ammom Iscweiss to be segty .4aade(JLa. dMM It langd. posiive a do merft). Ita is bu ld to be
hqmp lod~cisft~ Mim isyin l ojrn wqa OhW' whim cessoduliq Ili pqopulo Well do,"edie boomdary lw doe padlea of Ut modified

u~~ttlvley~~ 1aeieUa mrd"h.~ - 133 M-vwmelpý)

bke~ t wiled UtWc in oqi mandidt be& Bud radio w-ie me aobad nch Utueubhbsl oudrqpuft qaks a dmvnwdcwauvu
OHýa ato sos at JR Is Mbie ame Umb t aaf tia rio wawaia "wains uua w t*m hed-lctive ENsr* rom &C. kL, is I34 it Fasio

buaapt bA Is taWm 1.1kil i B wavelcoqft.)
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A raysracluag programa has blim used 1001101c11athe dePatbs Of inra-red radiation mod rado wavespragatuig through dhe rehuctvity muncturet described abose.
Mhe mesbzmployedin the raytrubingi-orou ae described in Reference [5), NOd the resultsare shown inFigures 5 add 6.

In each co a (smily of rays with different launc angles has been drawn with respect to a fLAttend Earth. and the maximu rdmnum1 bage are
indticaled. It should be noted that the vertical and horivintal scales of the diagrams we very different, leading to a grea eaggeration Of angles in the vertical
plane in fict the diagrams inclue only rays at very small angles (fractions; of a degree) to the horizonal

Figure S Raytrac through afi-ared profile orft -~ur 4;

bransiaslfter height 10 metrs..

0,itaftce fkm)

Figure 6 Raytrace through radio proille of Figure 4;

transmitter height 10 smetres.

The hrio distac (L~e. the maxidnum range at which an object on the sea surface is visible) is readily deduced from the raytrace, diagrams. It is the maximum
disiic at which a ry patb just touches the ascismsa of dhe graph. Atedistances beyond the horizo range the ray paths we refracted upwards before they reach
the .hE, and uhe surface isnotvisible. The envelope of the ray paths to the lower right of Figure S in fact represents the 'horizon line* of an IR sensor. below
which nothing is vasble.

In the coe ofradio propagation (Figure 6) the sum stmoospheric structure is now ducting, and the horizon Ine coincides with the surface of the Earth. Thismeassi
dth for my distance fram the sensor it is possible to find a my path that reaches the sea surfae at that distance, and (in principle at least) the surface is visible to
very larg distances. In practice the ray picture of F~igure 6 implies dhae radio termninals may be able to communicate with low propagation losses, even when
separtmed by dfistances well beyond the horizon ranges for IR terminals at the smie heights above sea level.

5 EAINH EVE t N AI RPGTO

The refisctivity of air was shown above to depend on the atmospheric pressure. temsperature and water vqxou Concentration. The relative importarice of these
terms depends on the wavelength of electromuagnetic radiation under consideration. For the case of IR it was feussd that in the window regions the refractivity N
is almost independent of water vapour press=r.

At radio wavelengtbs the refractivity depends strongly on waoe vapour pressure e as well as on temperature T, and the vertical Pradients ofe a-re usually thn major
facto in determining the vertical profile of refractivity N. (It may be noted duet ins perfectly dry atmosphere. iLe. e - 0 mb, die refractivity profiles at IR and
radio wavelenth would be essentially identical, and hence the propagation behaviour would also he the .mie.)

Typical profiles of T &Ade in the bounTaiy layer (Figures I mad 2) display it vertical lapse of bodh tempierature and humidity. In the ase of IR propagation the
tenperaure lapse causes refractivity to inre with height and hence creates subrefractive conditions. In the case of radio piropagation the temperature laws
also cratesn a tendency to sibrefraction, but this is outweighed by the effects of the humidity Lapse. The decrease of e with height causes refractivity to decrease
31 -ly~imid fth combined effed oftheT mode profiles is adecrease of refrativity with increasing height, causing super-refsaction or ducting at radio wavelengths

Studies of asaritins meteorological dus have suggested that there is a fairly strong tendency (but not an invariable rule) for negative e gradients to occur wide
negative T gradients and vice verss. Thus fth conditions that give rise to ducting at MR (positive T gradients or tempeatur inversionis) tend to be associated with
positive egradients. Depending on die strength of thee gradients this may cous the radio refractivity profile to be eother mildly or strongly subirehactive Thus
suggests elate conditions causing subrefraction and reduced system ranges at IR will usually caus super-refractioin and extended ranges for radio systems. while
super-refraction at IR usually coincides with subrefraction at radio wavelengths.

0 GEC-Mmtroni Limited 1989
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In ordcsto ifluatteths d behaviouradatabaseof meteorolgialobsvadoeucollected daing theHEXOS experimneu [6] wa xamined. For each observation
the surface gradlients of modified refactivitydM4lb wereconipused ftrboth IR and radio wavelengths. AdDa-uof the two gradatsti s thwnin Figre7
Evidently there is a fair degree of irregularity in the results (as would be expected unless dth T and e proffit were perfectly cOWID1ed). Howve fth diagram
denInv a fWirly clear oand for d40db at IR wo become larger in a positive. direction (Le. more subrefractive) as MOdO at radio wavelengths becomes larger
ins aneative direction (La. urw mtonely a~rfatn

dMildh(Ro8'ol FMlmetre
0 

-
A

+4 + + +

-100-4 + + +

+ +4 ++
-200-

+

-10 0 io 2 30 /.0
dM/dtt(IR) Mlrretre

F~gue 7 Surface gradients of modified refractivity d~idb, radio vs. UR (HEXOS data).

The diagram also illustrates the fact that for the great majiority of cases the boundary layer is more or leas stron gly superrefractive at radio wavelengths, whilst it
is usually subrefractive at UL (Nose tint the axes art scaled in M-unitstmetre. Thus in a normal atmosphere the modified refractivity gradient would be
+0.117 M-unta/metre at radio wavelengths AMd .0. 133 M-units/metre at IR. The gradients in Figure 7 are very strong, but they occur only at the extremne lower
limit of the atmospheric boundary layer.)

The refractivity of air at MR wavelenigths has been examined aid compared with that at radio wavelengths. At radio wavelengths the refractivity depends on
atmospheric pressure. =Tom-ras -id quite strongly on water vaphur pressure. However at JR wavelengths the refractivity depenids essentially on atmhospiheric
pressure aid temperature alonhe.
Models of the structure of the air-sea boundary laye lead to the conclusion that there is a senti-permanient duct (the evaporation duct) at radio wavelengths, whilst
atlit the sawe metecrological statre,- appears tobe subrefractive. This leads to reduced horizon ranges for IR systems whilst radio systems e~xpience reduced
propagation losses and increased system uiges

There isa fairly well marke negative correlation between the surface gradientsatIk and at radio wavelengths. For the majority of time the atmospheric boundary
layer over the sea is sisirefractive at JR and superrefractive at radio wavelengths.

The studie reported here were suppured by Procurement Executive, Miniriy of Defence. UK. The data from the HEXOS experiment used to generate Figure 7
were supplied by the Departmnent of Pure mid Applied Physics. UMIST. Manchester.

1. RJ. Hil at aL -Refractive Mndx and Absorption Fluctuations in the Infrot-red Caused by Temperature, Humidity and Piresu Fluctuations'. 3. Opt.
Soc. Am.. Vol. 70. No. 10, October 1990. pp 1192-1205.

2. Reconmmendations and Reports of the CCIR, 1986. Genva Vol.5, Rec 453-1.

3. S. Rotthesatn. -Radiohwave Propsgation in the Evaporailion Duct, Marconi Review, First Quarte 1974.

4. K. Brociks et al, *Mesoorologiscbe Beohbachtiungen in der Helgolander Bucht 1956-1961". Geophysikalischen Instituits der Universitat Hamburg 1963.

5. R.N. Herring. Genherl Raytracing Techniques for Predicting Fieldsain an Afbitrariy Varying Troposphiere*, MXE Internationral Conference on Antennas
and Propagation. ICAP 85. April 1995. pp 279-282.

6. LB3. Katsaros, S.D. Smith, aid WA-OoMt -HEXOS - Humnidity Exchange Over the Sea A Program for Research on Waser-Vapour and Droplet Fluxes
from Sea to Air at Moderase to High Wind SpwWds Bulei American Meteorological Society, Vol. 68, No. 5, May 1987, pp.466.476.
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DISCUSSION

J. IX•]TBR
You may be interested in actual date consisting of 10.6 and 0.63 micron measurements
which we took some ton years ago to investigate refractive banding effects over an 8.5
km over-water path; we were specifically interested in range reductions under subrefrac-
tive conditions. (Feinberg, R., H. V. Ritney and H. G. Hughes, "Marine Boundary Layer
Effects in the Infrared," NOSC TN 555, 1978).

AUTHOR'S RIPLY
I would be interested in your data.

J. RIDOUT
You stated that subrefraction is normal for the HEXOS measurements. Is this expected to
be the same for other geographic areas?

AUTMOR'S IEPLY
I showed here only the results for the HEXOS data, but we have also examined other data
sets from the North Sea and various parts of the North Atlantic, and found essentially
the same conclusion. Dr. Richter has just stated that he also found subrefraction (at
IR) in his studies off the coast of California.

8. ELORAINTA
The sense of the refractive effect must depend on the sign of the air-sea temperature
difference. Both lapse aid inversion conditions exist so why don't your results show
this?

AUTHOk'S REPLY
I showed only results for surface refractivity gradients simply as a matter of conven-
ience. In fact, the surface gradients are very strongly correlated with the values the
air-sea temperature difference. In all the data bases that we examined the great major-
ity of measurements showed a negative air-sea temperature difference.

X. ANDERSON (CONECET)
We have a database of air-sea temperature difference covering most ocean areas - the
preponderance is for air temperature less than sea temperature.



A TEMPERATURE-DEPENDENT REGULAR INFRARED BAND
MODEL FOR ABSORPTION AND DISPERSION

P.L. Roney
Defence Research Establishment, Valcartier, 2459 Pie XI Blvd. North,

P.O. Box 8800, Courcelette, Qu~bec, Canada, GOA iRO

SUMMARY - A temperature-dupendent infrared band model for the absorption and refraction of
spectral lines, simultaneously broadened by Doppler and collisional effects, in developed.
The model also takes into account the effects of line-coupling. The case of a simple
diatomatic molecule, in the rotating oscillator approximation is treated. The result in
given in the form of an infinite series which converges rapidly and is appropriate for
efficient computation.

LIST OF SYMBOLS -
X - X'-iX" - complex susceptibility, q - N-iK - complex refractive index, c - dielec-
tric constant, -- permeability, J - rotational quantum number, S - line strength,
v a wavenumber, vj',v 0 - line centre wavenumber, B', B" - rotation:? spectroscopic
constants, d - 8' + B", 1(0) - intensity, Lj, L - line-coupling coefficients,
S(T) - effective band strength, %c - collision half-width, *D - Doppler half-width,
b- ln2/1,, x - v - vO)/d, y- a /d, z- x + iy, a - b 2 ,
E(Z,a) - O(x,y,a) - iF(x,y,a) n oscillatory line-ahape function,
W(za) - complex error function.

1. INTRODUCTION

In an earlier paper, Ref. 1, henceforth referred to as I, a temperature dependent
band model for the absorption or emission of spectral lines, simultaneously broadened by
Doppler and collisional effects, was developed. The purpose of this model wan to provide
a rapid and efficient means of computation of the absorption of regular or symmetrical
molecules (e.g. CO, CO , N 0 and CHO), as opposed to the random line model which is
strictly applicable oniy to asymmetric molecules such as H20. The purpose of the present
paper is to extend the scope of the model to include refractive index variations within
an absorption band, and also to include the effects of line-coupling.

2. COMPLEX SUSCEPTIBILITY AND REFRACTIVE INDEX FOR
COMBINED DOPPLER AND COLLISIONAL LINE-BROADENING

In order to introduce the refractive index contribution and the effects of line
coupling into the infrared band model developed in I, it is necessary to recall some of
the relationships between the complex susceptibility X - 1,-iX,,, the refractive
index I w N - iK and the dielectric constant t. From Maxwell's classical electromagnetic
wave theory, for a medium with permeability IA equal to unity, we have the following
relationships:

1 -1+ 4 %X (1)

2- - . (2)

Equations I and 2 give an equation for the susceptibility X in terms of the real nnd
imaginary parts of the refractive index, N - iK. For a gas, where Nol and N2 -1 >> K2 ,
we obtain

2x - N-l-iK, (3)

In terms of the absorption coefficient per unit length x

K - 4%vK - 8x
2 X6. (4)

The theqrj of combined Doppler and collisional line broadening in the impact
approximation , neglecting collisional shifts, line narrowing and line-coupling

I,..
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effects, gives the following expression for the complex susceptibility X

a J b-/2 dv e -by 2 [(•_• Jv)_ia]
j i%3/

2  
- (v-v-_ -V)

2
+a

2

J J

Ssj b 1 / 2  dv e -bV
2

%-/ -V-V v +i 1 (5)
it.3 / 2  

- (v-v - +-iaj)

where Sj is the strength of the line located at wavenumber vj, cj is the collision
half-width, 5 D is the Doppler half-width and b = ln2/a6. In the present case J is the
lower state rotational quantum number.

The theory of Rosenkrantz 4 can be used to account for line-coupling effects. This
is a first-order theory which is valid at low pressures. The theory was originally given
only in terms of the absorption coefficient K for collisional broadening. Gentry and
Strow 5 have shown that for the case of combined Doppler and collisional broadening
Rosenkrantz's approximation can be expressed as

s S b1 / 2  dv e -by 2 [.j + Lj (v-vj -v)]

-(6)

%t3/
2  

f (V-V -V)
2

+'
2  

(6)
J J

where L is the first-order line coupling coefficient. More details on the line-coupling
theory can be obtained from Ref. 4. In order to extend the regular infrared band model
of I to include the refrac+1ve index and line-coupling it is necessary to derive the
expression for the quantity (N -- 1) corresponding to eq. 6. This is accomplished through
the application of t'.a Kramers-Krcnig dispersion relation 6 which relates the real and
imaginary parts oC the susceptibility via a Hilbert transform. This is straightforward
since the Hilbert transform is relative to the wavenumber v and therefore it is only
necessary to perform the transform over the frequency dependent part of the integrand of
eq. 6. The result for the complex refractive index is

" b 1
/

2  
dv e -by2 ([(V-vj-v)-Ljaj]-i[a,+Lj(v-vj-V)]}

(N-3-iK) , (/- f s)2+a2 3 E312 -,=. (V-V - )2 •
J J

"= OL!j/2 • dv e by2 (l-iL)

j 77_2 - (v-vj-v +i-j(

3. DERIVATICN OF THE TEMPERATURE-DEPENDENT BAND MODEL

Wo now apply the methods of I to derive the regular band model for a infrared
vibration-rotation band. For simplicity we treat the case of the P and R branches of a
diatomic molecule in the rotating harmonic oscillator approximation. The expression for
(N-l-iK) of eq. 7 for this case can be written

b1/2I) 2 dve -bv2 (-iL
(N-l-iK) = S(T) I- 2  

- c +iLj) I (8)
.3/2 (8(vv)'

where S has been split up into a band-strength factor S(T) and intensity I(J) which is
different for each branch. The effective band strength S(T) is treated as a constant
which does not play a role in the following discussion. The intensity factors I(J) and
the line-centre wavenumbers Vc, which are also different for each branch, are given below
in terms of J (and a related number m) and vibration constants B"(lower), B'(upper
state).

IR(J) W (J+1) axp[-J(J+l)hcB"/kT] .

m m exp[-m(m-I)hcB"/kT], m - J+l (9a)
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"vC , 10 + (B'+B")(J+l) +'"

. V0 + MB+B")m+.., m - J+l, (l0a)

Ip(J) - J expE-J(J+l)hcB"/kT]

- -m exp[-m(m-l)hcB"/kT], m - -J, (9b)

VC - ('+B")J +..

. VC + (B'+m")m+.., - -J, (10b)

Defining the following variables x, y and z in terms of the line spacing parameter d, we

put

x - (v - v 0 )/d, ,y - ac /d, z - x + iy, a - bd 2, d - (B + D"),

where it is assumed that all aj - a,,and all. Lj - L. (Note that the variable y differs
from that in I by a factor of *). Equation 8 now takes the form

wIR(m)ý al/ 2  
- du W -au 2 (1-iL

(N-l-iK) -S(T) i (in) d7,31 2  (U) ' (1)to 1p(m . (z - m - U

The retention of only terms linear in m, in the denominators of the Voigt integrals in
eq. 11, is the first approximation of the model i.e. neglect of interaction between
rotation and vibration. This approximation is essential for a simplification of the
mathematical expressions. The next approximation is the replacement of the discrete
numbers m by the continuous variable x in the intensity factors I(m) of eq. 11. As
discussed in I, the justification for this approach is that these line intunsity factors
1(m) awe slowly varying compared to the rapid fluctuations due to the alternating peaks
and troughs of the indi/idual spectral lines (represented by the Voigt integral terms).
The intensity terms I(x) can then be removed from under the summations over m.

The last approximation to to extend the summations over to to run from -- to +.,.
There are two consequences to this extension of the summations. On the one hand, it
allows a considerable simplification of the mathematical form of the equations, which in
turn greatly reduces the computational time and complexity. On the other hand, the
contributions of the R and P branches must be carried out separately and independently.
Nevertheless, a good approximation is obtained for the overlap contribution from one
branch to the other, as demonstrated in I. The extended summation also introduces a
spurious nonphysical spectral line. This is due to a mathematical artifact which arises
through the introduction of the value m - 0 which is not allowed by the physics of the
situation. Applying these approximations to eq. 11 we obtain

(N-1-iK) - S(T) ) [E(z,a) + iW(Xa)](l-iL)/d, (12)

Xpx ,x 0: 0)

Iz(x) - - Ip(x) x exp[-x(x-I)hcB"/kT], (13)

where

a 1 / 2  du -"au 2

( (- m- U) (14)

W1/2 du e "au 2

T3--- (a-u) ' i
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In the R-branch calculations x is always positive and in the P-branch calculations x is
always negative. The function W(x,a) of eq. 14 is the complex error function and in
introduced to remove the spurious central line produced by the term at m - 0 mentioned
above.

The complex function E(z,a) is a monopariodic function of x, whose imaginary part
produces a repeated pattern of Voigt line-profiles and Whose real part gives a
corresponding pattern of refractive index profiles. The line spacing is 1 in the x
domain, for both the P and the R branches. B(z,a) is a generalized extension into the
complex plane of the oscillatory line-profile function Fv(x,p,a) of eqs. 25 and 33 of I.
The function E(z,a) can be expressed in the form of a rapidly convergent infinite series,
which is more convenient for computation than eq. 14, by a method analagous to that
employed in 1. The detailed of this derivation are treated in Appendix A. The result is

E(z,a) - G(x,y,a) - iF(x,ya), (16a)

G(x,y,a) - 2 i -ik(2y+%k/a) sin(2zkx), (16b)

F(x,y,a) - (1 + 2 i a -sk(2y+nk/a) cos(2xkx)]. (16c)

The limit of z(x,y,a) for pure Doppler broadening follows directly from sq.16 by putting
y - 0, since the function is well-behavqd in this limit. The limit for pure colltsional
broadening is derived in Appendix A and gives simple analytical functions. The real and
"imaginary parts of eq. 12 have been separated and the resulting equations for the
refractive index and the absorption coefficient are summarized in Table I.

4. CALCULATIONS

In order to illustrate the model some sample calculations have been made.
Figure 1 shows the oscillatory line profile function, (F-f), for absorption in tha cane
of pure collision broadening, with a half-width of .1 cm-1, and a line spacing of
I cm-1. Figure 2 shows the corresponding oscillatory refraction profile 'unction (a-g).
In the latter case it is apparent that the removal of the spurious line, by the
subtraction of g, in not perfect. The reason for this is that the subtraction of the
spurious single line at the centre does not exactly compensate entirely for line wing
overlap contributions. Figures 2 and 3 illustrate the P and R branch absorption and
refraction respectively, both without line-coupling. The conditions are the same as for
Figs. I and 2 and a temperature of 10OK. This low temperature has been chosen in order
to show a large part of the band using relatively few lines. Figures 5 and 6 show some
of the effects of line coupling. For these figures a relatively large value of L m .5
has been chosen in order to exagerate the effects. For the case of absorption, Fig. 4,
the effect is fairly mall. The line peaks are not affected which is to be expected
since (N-I) is taro at the line centres. The main effect is a reduction of the
underlying continuum absorption in the line troughs. The effect of line coupling is
more dramatic for the refraction spectrum of Fig. 6. The refraction line "peaks" ara
all depressed to lower values and the whole shape of the band in refraction is changed.
Again this is to be expected since, for positive L, the effect of coupling is negative
and is a maximum at the absorption line centres where the refraction (N-1) is normally
zero without line-coupling.

5. CONCLUSIONS

The modal gives a reasonable representation of absorption and refraction in a
simple diatomic molecule. The calculation is very rapid and efficient and should provide
a useful tool for examining specific problems as well as considerably symplifying
calculations in atmompberic transmission models involving the Voigt profile. Limitations
of the model are the fixed spacing between lines and the use of an average value for the
line-coupling coefficient. The latter limitation can be overcome if the variation of L
with J is uniform and can be functionalized simply,

A more important problem is the representation of Q branches. Here the model must
be improved to take into account the very rapid variation of line spacing within a Q
branch. This will be the subject of future invesetigationo.
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TABLE I

Equations for the refractive index and the absorption
coefficient for a diatomic molecule

(N-1) - S(T) R (G - g) - L (F - f) ]/dIIP (x), X <

K -)S(T) R (F - f) + L (G - g) ]/d

IR(X) - - Ip(x) - x exp[-x(x-l)hcB"/kT],

S- lk(2y+nk/a)
G - 2 e sin(2%kx),

sin (2xx) (collieiyn
[cosh (2xy) - cos(2%X)] broaden ng)

j -k(2y+nk/a)

F - [1 + 2 e co,(2Tikx)],

+ sinh (2ny) , (collisign

[cosh (2%y) - cos(2nx)] broadening)

,1 /2  - due -aU2 y y
g 9 (collision

.3/2 (X - U)
2 

+ y2 fl(X
2 + y

2
) broadening)

al! 2  
- due "aU2(x-u) x

S- -- f ,(0ollisign
.3/2 (x - u)

2 
+ y

2 
+ x(x 2 

1. y
2

) ' roadenlng)

x - (v - v 0 )/d, y - ac/d, z - x + iy,

a - ln2 (d/aD) 2 , d - (B' + B1).
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APPENDIX A

EVALUATION OF THE FUNCTION E(z,a:q)

From eq. 14 we have E(z,asq) in the form

a'
1 2  - du e -au

2

E(z,a) - - J (z-m-.u (Al)

The summation over the denominator of the integrand of eq. Al can be expressed in the
form of a cotangent as follows.

1 -u •-- + on changing the sign of in,
-- (z-r-u) 2

- (z-u)- (u) 2  2 
, on recombining terms,

-+ 2(-u)- cot [n(z-u)] (A2)
(Z-U) 1 (z-u)

2 
- m

2

where the last form follows from the expansion of cotangent as a partial fraction.
Writing the complex variable z - x + iy, and expanding the cotangent in terms of sines
and cosines we obtain from eq. A2

_ (_-_-__ - cot [n(z-u)] - cot [%(x+iy-u)],
R-- (a-n-u)

[sin 2%(x-u) - ieinh 2%y] (A3)

"[cosh 2ny - coo 2n(x-u)]

- {2 • e' 2 "~sin 2ixk(x-u) -i[l + 2 • e- 2 kYcoo 2Ak(x-u)]}. (A4)
1 1

This last expression follows from the following two formulae to be found in Ref. 7

ain x 2 e-ktoin kx, sinh t - 1 + 2 -ektcos kx.

cosht-cosx cogh t -coex 1

Recombining the real and imaginary parts of eq. A4 we obtain

-- i Fl + 2 ei2%k(z-u)]. (A5)(a-n-u) I

Substituting for eq. A5 in eq. Al for E(za) the integration is now
straightforward. We obtain

E(za) i(a/w)1/ 2 [7 du exp (-au 2 )+2 exp(i2xkz) 7 du exp(-au2 -i2nku)],

- -i [I1 2 • exp(i2xkm - % 2k 2 /a)]. (A6)
1

Separating the real and imaginary parts of eq. A6 we obtain

E(E,a) - G(x,y,a) - iF(x,y,a), (AW)

%--k(2y+%k/a)
G(x,y,a) - 2 ae sin(2%kx), (AS)

1
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F(x,y,a) - [I + 2 s o- xk(2y4ick/a)cos(
2 %kx). (A9)

The limits of G(x,y,a) and F(x,y,a) for pure Doppler broadening follow directly
from eqs. A10 and All by putting y - 0. The limits for pure collisional broadening can
be most coveniently obtained by substituting for sq. A3 in eq. Al and carrying out the
integration in the limit a + -, (i.e. aD + 0), The result is

G(,)+sin (21cx) (A10)
G(x,y) [1cosh (2xy) - cos(2%x)] )

F(xy) + sinh (2*) (All)
(cosh (2%y) - cos(2 x)]

DISCUSSION

&. XONNLI
The absorption coefficients are normalized with respect to the effective band strength
S(T). How do you calculate S(T)?

AUTZOR'I REPLY
The effective band strength S(T) is composed basically of the dipole strength factor,
and the vibrations and rotational position sums. The latter is temperature dependent.
Also S(T) does have a weak wavenumber dependence which has been neglected in the formu-
lation of the model.
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UV SPECTRAL SIMULATIONS USING LOVWTRAN 7

G.P. Anderson, F.X. Kneizys, E.P. Shettle, LW. Abreu,
J.H. Chetwynd, R.E. Huffman, and LA. Hall

Air Force Geophysics Laboratory, Hanscom AFB, M&A 01731, USA

SUMMARY

LOWTRAN 71 is a low-resolution propagation model and computer code for predicting atmospheric
transmittance and background radiance from 0 to 50,000 cm-1 (wavelengths greater than 0.2,um). The current model,
released in February 1989, is a major extension of the LOWTRAN 62 model. In addition to incorporating new and
improved molecular band models (primarily influencing IR calculations), LOWTRAN 7 has been particularly adapted for
basic ultraviolet transmittance and radiance calculations, It now contains a 0.2nm resolution extra-terrestrial solar source
function along with temperature-dependent 0 (Hartley-Huggins) and pressure-dependent 0 (Herzberg continuum)
absorption cross sections, The 02 Schumann-Runge band absorption has been patterned after theiR band model. As with
past versions of LOWTRAN, the line-of-sight viewing and solar incidence geometry can be arbitrarily configured for either
direct or backscattered ,.alculations. Both solar and thermal multiple scattering are accommodated,

Initial validations of the UV portions of LOWTRAN 7 have been made against two separate AFGL
spectrometers. Excellent agreement has been found with UV data from a balloon-borne spectrometer designed to measure
in situ solar irradiance within the stratosphcre. These direct solar observations, all at high sun angles, were made at
stratospheric altitudes. Ultraviolet backgromiitd measurements in the 0.2-0.29/um wavelength region were made from the S3-
4 satellite in a polar, sun-synchronous, nadir-viewing orbit, For moderate to high solar incidence angles, the backscatter
comparisons with LOWTRAN 7 are again reasonable (generally within 10%). With the sun on the horizon, however, the
twilight airglow becomes a dominant feature; such emission sources are not incorporated into LOWTRAN.

1. INTRODUCTION:

Spectroscopic data describing the ultraviolet absorption properties of molecular oxygen and ozone have been
collected for incorporation into both FASCODE 3 and LOWTRAN. The data include the 0 Herzberg continuum and
Schumann-Runge bands and the 03 Hartley and Huggins bands. All of these systems result in tie dissociation of the parent
molecule and the creation of atomic oxygen. The non-dissociative Herzberg bands are not currently part of the data set
although they may be important for accurate transmittance calculations near the surface. In addition, LOWTRAN 7
provides a new solar irradiance and the ability to calculate its direct and scattered components, [NOTE: The scattering
algorithms (single and multiple) are also designed for thermal radiation.]

2. MOLECULAR PROPERTIES:

The dissociation of oxygen allotropes Is of paramount importance to the chemical makeup of the earth's
atmosphere. The strongly absorbing 02 Schumann-Runge and weaker Herzberg systems influence different altitude
regimes in the atmosphere because of the relative strengths of their respective transition probabilities. Figure 1 (after
Watanabe4) shows the approximate depth of penetration of solar irradiance throughout the UV spectral range. In general,
solar radiation in the 0.175 to 0.2,um spectral region is completely absorbed by the Schumann-Runge system at altitudes
above 40 Kin. Towards longer wavelengths (greater than 0.2um) absorption by ozone begins to compete with the residual
Schumann-Runge and Herzberg absorption; the combination does not allow solar energy at wavelengths less than 0.3um to
penetrate to the surface. In '. Idition to this shielding of high energy solar radiation, the UV absorption properties of ozone
provide the dominant source of stratospheric heating,

2.1. HERZBERG CONTINUUM:

While the Herzberg continuum absorption is small relative to both the Schumann-Runge and ozone
contributions, it is very important to the maintenance of stratospheric photochemical balance. Until recently the Herzberg
continuum was thought to be almost 40% stronger than the current estimate. Because it lacks any detailed spectral
structure, the absorption properties are readily described by an analytic function proposed by Johnston et.al.s. After fitting
the combined measurements of U.S.and French laboratories6 to a function of this form, the cross section can be expressed
as:

o(oirm) w 6.88e-24 R exp [-69.7374 { In (R) }2]

where: R - 0.20487/(u)
and: u - wavelength in um

This equation generally reproduces both data sets to within 5%.
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The longevity of the erroneously large Herzberg values can be traced to their pressure dependlznce, related to
dimer formation. The cross sections are so small that laboratory determinations must rely on high pressure techniques to
create the necessary opacities. Historically, extrapolation to zero pressure was attempted, but with poor success. In fact,
long-path, iow pressure stratospheric measurements of attenuation of solar irradiance provided the first verification that the
laboratory estimates were seriously wrong7'8.

Accurate determination of the preswure dependence of 02 within an 02 environment is still a necessary part of

the laboratory procedure when measuring the cross section. Yoshino et.al.' provide an equation of the form:

o(pMm) - o(o.um)(1. + (A~m)/o(om)) x P0 2(Torr))

where r(pm) represents the pressure dependent term. However, because of coding considerations, the
FASCODE/LOWTRAN formulations replace the spectrally dependent r with a proportionality constant,

r(um)/o(oum) - 1.81e-3 ,

that is good to within 10% for most of, the Herzberg spectral range (between 0.20 and 0.2 3Mum); see Fig. 2. The errors
gradually increase to 300 at 0.24pum. The magnitude of this wavelength-dependent error is generally tolerable because the
pressure contribution is often a fractionally small portion of the diminishing 0, cross section which is, in turn, overwhelmed
by the ozone cross section. However, near the surface (high pressures and low ozone mixing ratios) the errors can become
significant.

Atmospheric pressure dependence is also governed by interaction with N2 (O-N 2 dimer formation).
Shardanand9 has provided an estimate of this effect, N being approxidnately 45% as efficient as pure 02. Fig. 2 shows the
degree of spectral similarity between the N, dimer effect and the pure Hcrzberg absorption, o(oyum), so it has similarly
been scaled to o(oum). The pressure dependence of the Herzberg continuum for a combination of 21% 03 and 78% N2,
including the 45% efficiency factor is then:

o(pqam) = o(outm) (1.+ .83 (P/P)(T.T))

The total pressure has been replaced by a normalized density function with P. andT,. at STP.

As mentioned above, the Herzberg bands are not included explicitly in FASCODE and LOWTRAN. While they
would not contribute to the photochemical production of odd oxygen, some contribution is expected in the total
transmittance calculations'O. This has been approximated in LOWMRAN 7 and FASCOD3 by extending the Heriberg
analytic equation to longer wavelengths (0.277Mum or 36000cm'1) with a linearly smooth damping to zero absorption at that
arbitrary cutoff. The errors introduced by this approximation are potentially serious for transmittance calculations for
ozone-poor lines of sight (such as solar-blind calculations at the surface"). However, for most general cases the effect of
the omission is not discernible. Eventually a more correct band model approximation will be developed within the context
of LOWTRAN.

2.2. SCHUMANN-RUNGE BANDS:

The 02 Schumann-Runge band analysis has been addressed in two ways: (1) a line-by-line spectroscopic atlas,
similar in format to the HITRAN databasel2, has been calculated from published energy levels; and (2) a one parameter
20cmn1 resolution band model has been generated for incorporation into LOWTRAN. Using the new altlas, line-by-line
syntheses of the Schumann-Runge cross sections, including temperature dependence of the vibronic population levels, have
been created using FASCOD3; this effort be will be described elsewhere. It is important to note, however, that while the
Schumnan-Runge system exhibits very rich spectral structure, including rotational splitting at fractions of a wavenumber
separation, the half widths of the lines are sufficiently broadened by predissociation to be independent of pressure and
temperature. Figure 3 shows a portion of the new database, giving line positions and relative strengths at line center; the
triplet structure is not depicted. Individup. band groupings are easily identified.

The 20cm-' band model for the Schumann-Runge system (as currently available In LOWTRAN 7) was
developed from a similar line-by-line formulation" with additional laboratory Input' 4. The band model is both preliminary
and inadequate for detailed spectroscopic calculations because it does not properly simulate the strong temperature
dependence of the 02 cross sections brought about by the change In population of the first excited state (v",, 1), Mhis effect
is strongest in the spectral regions away from the v"-O band heads (i.e. in the window regions). Solar energy penetrates
deepest into the atmosphere in just these window regions so improvement In the formulation is mandatory if it is to be used
for photochemical calculations.

Given these stated inaccuracies, the band model does show reasonable agreement with in situ measurements of
the depleted solar irradlance. In Figure 4 data from the 1983 balloon flight of a single dispersion half-meter Fbert-Fastle
spectrometerts is compared to simulated data using the new Schumann-Runge band model. These calculations also include
other major portions of the LOWTMAN 7 algorithm, particularly the Herzberg continuum and ozone cross sectilons. The
only exception to LOWMRAN 7 compatibility is the solar irradiance; the lack of solar spectral signature can be seen near
0.199jm (199nm) In the simulated data. The band model algorithm is patterned on that developed for the IR t , including
the use of their fitting parameters for 0. A single spectral function [C(um)] has been calculated for the wawelength range
from 0.1875 to 0.20314m. When a more sensitive band model is developed, the wavelength range for LOWMRAN will be

A
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extended to include the entire Schumann-Runge system. It is expected that this new band model will separate the v-0
from the v--I bands, with the treatment of the ground state transitions remaining as described here. (NOTE: while the
preliminary band model parameters are available within the LOWTRAN 7 coding, they are not directly accessible for
wavelengths smaller than 0,2Mm. This limitation is imposed by an *if-test" related only to the nonavailablility of the aerosol
functions for these wavelengths; the solar irradiance, Rayleigh scattering coefficients and an estimated Herzberg
continuum are all provided.]

2-k OZONE:

Absorption by ozone, the remaining UV-active oxygen allotrope, is described in both FASCODE and
LOWTRAN by a temperature-dependent (quadratic) continuum. This continuum includes two major bands, the spectrally-
overlapping Huggins and Hartley systems. [NOTE: Steinfeld, et.al.17 present an excellent review.] The Hartley band is by
far the more efficient at production of the first excited state of atomic oxygen, O(QD), with approximately 88% efficiency,
while the Huggins band fragmentation generally leads to the ground state product for atomic oxygen, O(3P):

03 + hv .-.- > 03(13) + O(3P) : Huggins
0.36/um > wavelengths > 0.31Mum

and:
03 + hv ---- > O0('&) + O(ID) : Hartley

wavelengths < 0.31#m

The atomic oxygen excitation state is critical to subsequent photochemical reactions because O(ID) is the energetically
preferred partner. The Hartley band absorption is very strong, exhibiting only marginal structure and generally no
temperature dependence. The Huggins system has a much more pronounced band structure and moderate to strong
temperature dependence, although the features are still broad enough not to be amenable to detailed line-by-line
representation (Figure 5). [Note: Katayarnalu has established definitive vibrational assignments and inferred a band
Crigin.]

Studies of the ozone absorption cross section have been available since the early 1900s. The relatively recent
measurements of Bass and Paur' 9 form the basis of LOWTRAN 7-FASCOD3 formulation. Their values, including
quadratic temperature dependcne, are provided at 5cm-1 intervals from 41000 to 30000cn"1 (0.24 to 0.33Mm). Subsequent
measurements of Molina and Molina 2° have been used in combination with those of Yoshino, et.al.2' to expand the
temperature dependent range to 0.34/um, with a final extension to 0.36Mum using the values of Cacciani, et.al.2 ,=. At
wavelengths le.s than 0.24Mam, the temperature-independent values of Molina and Molina were again adopted (between
0.18 and 0.24yk'*). The various data sources agree very well (usually better than 3%) in the regions of overlap, All feature
replication is real and suitable; that is, the small spectral features are represented at their natural resolution such that a
line-by-line calculation would not provide significantly greater detail.

3. SOLAR IRRADIANCE:

The LOWTRAN 7 Transmittance/Radiance program now includes a new solar spectrum fcr calculating
scattered (single or multiple) and directly transmitted solar irradiances. The recent values of VanHoosier et.al,24 have been
adopted in the UV (0.2 to 0.35pm) with a resolution compatible with LOWTRAN (20cm"'). These data were obtained
from the Shuttle platform (the Solar Ultraviolet Spectral lrradiance Monitor (SUSIM) on Spacelab 2) at 0.15nm resolution
and subsequently converted to frequency for smoothing. The data, as stored in LOWTRAN 7, actually start at 0.174M4m,
recognizing that the code may well be extended further into the UV at some future time. In the near UV to visible range
(0.35 to 0.86pom), the data of Neckei & Labs2s have been adopted. Because these data have a resolution of 1-2nm, they
uinderrepresent the actual variability in the solar Fridnhofer structure at the stated 20cm*1 resojution. Estimated accuracy
of the composite LOWTRAN compilation is 5-10% for the SUSIM spectral range (including feature replication at 20cm-"
resolution) and 5% for the near UV and visible range when degraded to 100cm-1 resolution. [NOTE: Because of general
calibration difficulties in the UV, measured solai irradiances differ by as much as 10% In absolute magnitude , while
relative spectral detail is reproducible to much higher accuracy.]

4, MULTIPLE SCATTERING:

An efficient and reasonably accurate multiple scattering parametriztion27-23 has been implemented in the
LOWTRAN 7 model based on the two stream approximation and an adding method for combining atmospheric layers.
LOWTRAN incuises both solar and thermal sources for its general scattering algorithm; only the solar porton will be
discussed here. In general, the multiple scattering algorithm uses the single scattered solar solution as the primary stream.
However, because it scales the vertical path opacity using the secant approximation for a plane parallel atmosphere, the
algorithm loses accuracy for sun angles much larger than 80'. While this scaling is efficient, it should ultimately prove
unnece=5azy because the "true" line-of-sight geometry calculations for a spherically refractive atmosphere are available in
LOWTRAN 7 and are used correctly for the single-scattered aolution. A more accurate, multi-stream solar scattering
approximation i vtow being developed.

Priefly, (after Kneizys, et.al.2) the single vattering algorithm requiru the scattering angle and the equivalent
absorber amounts for the primary solai patls from each scattering point along the line-of-sight. This calculation involves
tracking two optical paths for each scattering point. One path leg extends from the observer to the scattering point, and the
other from the scattering point t'ward the sun (or moon), ending at the lop of the atmosphere. Each path is, in general,

._ n mum m H l m mO ] m i J • n I Ie I ll IIH I I R HI~ H H m g• • •" =" ] "



25-4

bent by refraction but each remain in a fixed vertical plane containing the path endpoints and the center of the earth. The
intersection of the two planes at each scattering point defines the scattering angle. There are, of course, an infinite number
of scattering points along the path; LOWTRAN specifically uses only the intersections of the line-of-sight with the model
atmospheric layer boundaries. Therefore, care must be taken in selection of atmospheric layering, particularly for limb-
viewing configurations. If the individual layers aze too optically thick, the algorithm cannot properly calculate the scattered
contribution. [NOTE: a layer thickness of no more than 1/2 the atmospheric or ozone scale height (2-3kmn) at the tangent
height is recommended.]

The multiple scattering algorithm must determine the layer fluxes across each boundary, along with the
composite transmissivity and rcflectivity. The multiply scattered flux at a given layer will, in part, be determined by
radiation from all atmospheric layers, even those above or below the stated line-of-sight, necessitating contributions from
the surface to space and back again. It is at this juncture that the vertical path scaling and the plane parallel atmosphere
have been adopted. Resultant errc. front this approximation can be greater than 30% for large zenith angles, with the
solution ill-defined for sun avgles beiow the horizon. However, for higher sun angles (<75"), the LOWTRAN 7 radiance Is
well within 20% of that calculated with more exact multiple scattering codes.

. COMPARISONS:

Comparisons of the final LOWTRAN 7 ultraviolet simulation capability to actual measurements show it to be
generally adequate for calculations of UV transmittance and direct solar observations. Figure 6 provides data from two
different sources, a "top of the atmosphere" solar irradiance spectrum measured from a rocket platform" and a larger
portion of the AFGL balloon-borne iradiance data, again at 40kni". The LOWTRAN 7 simulations for both cases show
very good agreement. Where differences arise, as in the absolute magnitude of the solar irradiances (attributed to
calibration) or in the ozone depletion at 40km (the simulation used a US Standard profile), they appear to be related to
physical rather than modeling problems.

A second set of comparisons (Figure 7) have been mr.de with data from a dual spectrometer flown on a nadir
sensing, sun-synchronous satellite". The LOWTRAN 7 simulations include multiple scattering and, again, are in excellent
agreement with the data for medium to high solar zenith angles. The small scale spectral differences arise almost entirely
from resolution differences and instrumental scattered light contamination. However, for larger zenith angles, two sources
of divergence between measurement and LOWTRAN 7 arise: (a) the multiple scattering two-stream approximation breaks
down and (b) large airglow features (primarily NO bands) appear against the weakened solar background. The multiple
scattering corrections will be addressed in the near future (see previous discussion). However, successful modeling of the
airglow phenomena will require major coding evolution.

6. CONCLUSIONS:

As an adjunct to the preparation of LOWTRAN 7 and FASCOD3, a set of UV spectroscopic data has been
compiled. In addition to a new composite solar spectrum, the data set includes an analytic function which describes the O0
Herzbkrg continuum absorption (0.1 9-0.244Mm) with an extension of that function to approximate the Herzberg bands. The
analytic expression for the continuum allows for an atmospheric (O0 and N,) pressure dependent term, providing a
combined estimated accuracy of 10-15%. In addition to calculating a preliminary line atlas for the 0 Schumann-Runge
bands, a 20cm-" band model developed for portions of that system has been incorporated into LOWTRAN 7. The band
model is adequate (10-20%) for frequency ranges dominated by transitions to the ground level (v",O) but only
approximates the behavior of the weaker temperature dependent v"- I transitions in the window regions. The Hartley-
Huggins 0 absorption cross section has been collated from 4 different sets of measurements. The resultant continuum
formulation Incorporates a quadratic T-dependence for the wavelength range from 0.19-0.36,m with an expected accuracy
of 3-5% for the Hartley system and 3-10% for the Huggins. The LOWTRAN 7 Transmittance/Radiance Program
incorporates all of these features in a user-friendly environment for UV spectral simulations; total end-to-end ac•nracy for
simulations not involving multiple scattering is 10-15%. However, for lines of sight which may be dominated by multiple
scattering signatures, the errors can increase dramatically. Minor, but occasionally Important atmospheric absorption
signatures, particularly S02 and N&O, are currently missing from the LOWTRAN 7 UV formulation. !';nllariy, airglow
contributions, as might appear at twilight, are not now available within the LOWTRAN algorithm.
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Flgur 1: The approximate altitude at which 1/e'5 of the solar irradiance is deposited; after Watanabe4. In the ultkavioloet
wavelength spectral range, LOWTRAN 7 includes the effects of the ozone Hartley and Huggins bands plus portions of the
molecular oxygen Schumann-Runge and Herzberg systems. See text for additional discussion,
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Figure 4: A comparison of the LOWTRAN 7 Schumann-Runge Band Model algorithm and an actual balloon-borne
measurement of in situ solar irradiance. The balloon alitude was approximately 40 km with the sun at 24' zenith angle.
The model easily reproduces the 4-0,3.0, 2-0 and 1-0 band heads.

Ozone Absorption Properties In the UV
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Figure 5: The ozone absorption cros sections as available in LOWTRAN 7. Structure at the center of the I lartley system
does not appear In this logarithmic representation but Is provided in the code. See the text for source references,
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Comparlsons: Direct Observations of Solar Irredlace

1000.'

O00, '78 Rocket

I..

ul 010.
Z

'13 Balloon*
n (-40 km)

, I,
-.J
o Rocket: Motaell et. al., 1981

Balloon: Anderson & Hall, 1986

2050 2125 2200 2275 2350 2425 2500 2575 2650 2725 2800

WAVELENGTH (A)

10-I
LOWTRAN 7

10 2 10

0 10I-

Ld
-.•

"0 I
Z 40,US Std
0,.4 - 4

o 10

'--4

0.20 0.21 0.22 0,23 0.24 0.25 0.26 0.27 0.28
WAVELENGTH (MICRON)

fltsres Compafrions of measured incident and in situ solar Irradlances (see text) with LOWlItAN 7 simulations. The
LOWTRAN 7 values for 1. are based on Spacelab 2 measurements4. While the geometric conditions (40km atltitude and
2.4 solar zenith angle) for the balloon simulation have been incorporated into the calculation, the requisite temperature
and ozone profiles are tho6t of the U.S. Standard Atmosphere rather than the actual flight,
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MILLIMETRE-WAVE PROPAGATION IN THE EVAPORATION DUCTby
M.F. Levy and K.H. Craig

Radio Communications Research Unit
Rutherford Appleton Laboratory

Chilton, Didcot, OXIl OQX
United Kin8dom

SUMMARY

Recent developments in propagation modelling based on the Parabolic Equation Method allow the
forecasting of two-dimensional antenna coverage diagrams at millimetre wavelengths, in a dispersive
atmosphere with arbitrary two-dimensional variation of the refractive index. The model has been
applied successfully to nun-wave propagation in the evaporation duct. The evaporation duct height
is not sufficient to characterize mm-wave propagation, and information on the water vapour content
is essential for the correct mpdelling of atmospheric absorption. Turbulence simulations have been
carried out, showing marked scintillation effects in the evaporation duct. The method can be applied
to arbitrary refractivity spectra, and gives a complete numerical description of the field statistics.

1. INTRODUCTION

Increasingly sophisticated radar systems at millimetre wavelengths require a good understanding
of the propaLgation medium, especially over the sea where several complex processes are involved. For
microwaves, propagation over the sea is dominated by the evaporation duct which results from the
steep humidity gradient in the boundary layer. For mm-wavet, ducting effects are counterbalanced by
atmospheric absorption, and the water-vapour content plays an important role. A model based on the
Parabolic Equation Method has been implemented, with the aim of providing a tool for assessment of
ami-wave systems performance in the evaporation duct. A full calculation of the frequency dependent
refractive index is carried out, and specular reflection from the rough sea surface is modelled. The
main features of the model are prebonted in section 2, with examples of output for 35 GHz and 95 GHz
antennas.

Atmospheric turbulence in the boundary layer is rather stronger than in the free atmosphere,
causing important scintillation effects. Because of the complex refraction effects in the evaporation
duct, it is not clear whether the usual models for estimating amplitude fluctuations of the signid are
valid, and numerical simulations may be the only way of gaining some insight into the statistical
characteristics of the field. The Parabolic Equation Method is particularly well adapted to the study
of electromagnetic wave propagation in a turbulent medium. This is the object of section 3, where
the principles of turbulence simulations are outlined. The main problem is to obtain a good statistical
description of the medium. Turbulence in the air-sea boundary layer is fairly well understood, and
examples based on the accepted model for the spectrum of refractivity fluctuations in the evaporation
duct are presented.

2. PARABOLIC EQUATION METHOD FOR MM-WAVES

The parabolic equation approximation to the Helmholtz wave equation has been used extensively
for predicting radlowave propagation in the troposphere, because it can cope with essentially arbitrary
two-dimensional refractivity structures, and is numerically tractable [3,5]. If a scalar field component

O~x, z) is written as ek 1

where k Is the free space wave number, theu u satisfies the parabolic equation,



t92u ,. k2
-+ 2i1L--+ k (m 2-1) u= 0, (2)

provided that the refractive index variations are small on the Bcale of a wavelength and that log r is
a slowly varying function of range over a wavelength. These assumptions hold for millimetre waves if
the backscattered field is neglected. As usual, rn(x, z) denotes the modified refractive index rm(x, z) =
n(x, z) + z/a, where a is the Earth's radius. The Earth flattening approximation gives accurate results
for angles of propagation of less than about 200 from the horizontal. This is not a restriction for the
very low altitudes of interest here.

The solution of equation 2 can be marched forward in range, by using either a split-step Fourier
transform method or a finite difference scheme. The results of this paper have been obtained with a
split-step implementation on an IBM-PC compatible computer with a transputer card (the hardware
has been described in [4]). It takes about 3 minutes to generate a coverage diagram for a typical case
of mm-wave propagation in the evaporation duct, for a frame of 20 m by 20 kin. Since the troposphere
is dispersive anid absorptive at millimetre wavelengths, the program needs temperature and humidity
data to work out the complex refractivity structure at each frequency. The model is robust enough
cope with measured data [8], but in this paper, a simple log-linear model for meteorological profiles
the boundary layer has been used, corresponding to Battaglia's model for near-neutral conditions [1].
In particular, the duct height d (m) is given by

d = .96(T., - T,) - 3.4(e, - es),1 (3)

where T. (OK) is the air temperature measured at 10 m above mean sea level, T. (*K) is the sea surface
temperature, e, (rob) is the water vapour pressure at 10 m and e, (mb) is the water vapour pressure
at sea level. The non-dispersive modified refractivity is of the form

M(z)-M(0) =a (z-dlogZZ +Z , (4)

where zo is the momentum roughness length, here taken to be 1.5 x 10-4 m, and a is a coefficient de-
pending on surface conditions. For standard conditions, a s .120 M-units/m. A lille by line calculation

of refractive dispersion and absorption is carried out using Liebe's model [9], and thee aro added to
the non-dispersive modified refractivity to obtain the complex modified refractivity profile. The model
is valid for frequencies up to 300 GHz, The examples given here assume horizontal homogeneity of the
refractivity structure, but variation with range could be considered without added complexity.

Boundary conditions at the sea surface are modelled with an approximate image theory. The
angular spectrum of the source field is added to that of the image field, modified by a Fresnel reflection
coefficient which is a function of the angle of incidence. This corresponds to a decomposition of thOe
field into its plane wave components, with the appropriate Fresnel reflection formula applied to each
component. The advantage of this method is that surface roughness is easily incorporated in the
model by multiplying the Fresnel coefficient for each angle of incidence by the corresponding roughness
reduction factor. Simple fits to the curves in CCIR recommendation 527-1 [2] give the conductivity and
permittivity of the sea as functions of frequency. The surface roughness reduction factor, which depends
on frequency, rms wave height and incidence angle, Is given in [12]. This method only models specular
reflection. The noise introduced by diffuse reflection could be modelled by statistical simulations with
a finite-difference implementation using a realistic description of the sea surface.

Figure 1 and 2 show basic transmission loss contours for a 35 GHz antenna, for the 0 m duct and
20 m evaporation duct A respectively, for a smooth sea. The parameters for the different evaporation
ducts used in the paper are shown in Table 1.

Figure 3 shows attenuation in dB/km as a function of height, at 95 GHz, for three of the evaporation
ducts described above. When there is no duct, humidity is constant and so is attenuation. In the
presence of a duct, attenuation decreases very rapidly immediately above the surface and then more
slowly, by about .1 dB/km between 2 m and 20 m. Note the higher attenuation for 20 m duct B, which
is due to the higher temperature and hence higher water vapour content. Figures 4, 5 amd 6 show basic
transmission loss contours for a 95 GHz antenna for the 0 m duct and the two 20 M ducts, for a smooth
sea. The stronger attenuation for the second 20 in duct has obvious consequences on the contours.



Table 1: Evaporation duct examples

T. T. e, ea
0 m duct 200C 200C 23.4 mb 23.4 mb
20 m duct A 209C 200C 23.4 mb 17.6 mb
20 m duct B 280C 280C 37.9 mb 32.0 mb
30 m duct 25 0C 25°C 31.8 mb 22.9 mb

The main point here is that the duct height is not sufficient to characterize propagation at millimetre

wavelengths.

3. MODELLING TURBULENCE

There are two approaches in modelling turbulence effects on electromagnetic wave propagation.
The first one formulates an approximate equation satisfied by the successive moments of the phase and
amplitude of the field. This approach has been used extensively in the literature. (see [7], chapters 17
and 20 for an excellent survey). For simple line-of-sight cases, the variance a2 (dB) of the log-power of
the received signal is approximately

=' =-42.250/6 1 CG(r)r0 /1 dr, (5)

where k is the wavenumber, and C2 (M-2 /3 ) is the refractive index structure constant (13]. However
this equation assumes weak fluctuations in the medium, and no coherent multipath, and its validity
for umm-wave propagation in the evaporation duct is not clear. With less restrictive assumptions, the
equation satisfied by the fourth moment of intensity fluctuations becomes extremely difficult to solve
numerically, although some progress has been made in recent years [10].

The second approach consists iu running numerical simulations on a computer. This approach has
become very popular for turbulence studies in fluid dynamics, because it permits the visualization of
features of turbulence which were not previously modelled. It has been used for statistical purposes in
[11]. For propagation studies, the turbulent medium is represented as a sequence of thin phase-screens.
This lends itself very well to the parabolic equation method: at each step, the deterministic refractive
index is simply modified by the addition of a random term W. The main problem is the generation of
succo.'sive realizations of this random process that will represent accurately the physical atmospheric
turbulence.

Since many simulations are needed to obtain meaningful statistics, it is impractical to use full
simulations of atmospheric turbulence to produce a grid of refractive index values, and some sort of
spectral representation must be sought. If the process is homogeneous, it can be represented as the
convolution of its correlation function with white noise. For a process that is only locally homogeneous,
the correlation function does not exist and has to be replaced with the structure function. Unfortunately,
the turbulent refractive index is not even locally homogeneous, since the intensity of the turbulence
varies with height and range. To handle this, we make the simplifying assumption that V(z, z) =
W(z, z)/C,(x, z) is isotropic and locally homogeneous (we assume that W does not depend on time).
If the range step size used for the numerical solution of the parabolic equation is greater than the
correlation length of the medium, the realizations of V(x, z) can be generated independently at each
range. A horizontal step size of 100 m probably satisfies this requirement for independence, and is
small enough to obtain accurate solutions for umm-wave propagation in the evaporation duct.

The. problem is now reduced to that of generating a realization of a random process V(z) with a
known power spectrum 4 at points 0,Az,2Az,... ,(N - 1)Az, This is done in the spectral domain
by filtering the sample spectrum of discrete white noise by VI. An inverse Fourier transform gives V,
and W is obtained by multiplying V by the refractive index structure constant C,.-

Here, we have assumed a Kohlnogorov spectrum for V. The one dimensional spectrum is then

i-=. (6)



The profile of C72, (m-1/1) for an evaporation duct of height d in neutral conditions is given by [6]

C -(z) = a2K4/(0. 120d)2Z-2/3, (7)

where a2 rs 2.8 and K -_ 0.4 is Von Karman's constant. Hence the strength of the turbulence is
proportional to the height of the evaporation duct. Figure 7 shows the profile of C2 for a 20 m duct.

Figures 8 shows an example of basic transmission loss contours for a 95 GHz antenna in the
turbulence associated with 20 m duct A, for a smooth sea. It is easy to see how scintillation effects
occur, since the amplitude along a lobe now presents peaks and troughs which will vary in time and
space.

Figures 9 and 10 show the standard deviation a'x (dB) of the log-power as a function of range, at
three different heights, for the 10 m duct and the 30 m duct respectively, calculated from 100 simulations.
The rms wave height is 0.25 m, corresponding to a wind speed of 7 m/s. Similar simulations were carried
out with a rougher sea, showing that the lobing effects are in fact due to interference with the reflected
signal, which weaken when coherent reflection becomes less important. However after discarding these
effects, the remaining trend seems independent of surface roughness, and the strength of the turbulence
is not affected. As expected, the scintillation effects are much stronger for the higher duct, leading to
serious degradation of the signal-to-noise ratio.

4. CONCLUSIONS

The behaviour of millimetre waves in the evaporation duct can be predicted with a model based
on the parabolic equation method, taking into account atmospheric absorption and dispersion, as well
as surface roughness effects on specular reflection. The model is implemented on a desk-top computer
with a transputer card. It allows the forecasting of antenna coverage diagrams for frequencies up to
300 GHz, for arbitrary two-dimensional refractivity structures. It takes about 3 minutes to generate a
prediction for a typical frame of 20 ni by 20 kin. The model has been applied successfully to nun-wave
propagation in the evaporation duct in near-neutral conditions. It is clear that duct height is not a
sufficient parameter to characterize mm-wave propagation, because information on the water-vapour
content is essential for the absorption calculations.

The effects of atmospheric turbulence ou propagation can be studied by running numericaJ simu-
lations with a randomly varying refractive index. The method can be applied to arbitrary refractivity
spectra, and gives a complete description of the field statistics. Some examples based on boundary
layer theory show marked scintillation effects in the evaporation duct. Although the lobing pattern has
a influence on the fluctuations of the log-amplitude of the received signal, their intensity is essentially
independent of surface roughness.
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LIDAR MHASURVEMITS Of T49 OPTICAL PROPAGATIOR ENVIROHMMSTN
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Institute for Physical Science and Technology
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College Park, Maryland 20742-2431

U.S.A.

SUMMARY

Results of lidar measurements are reported, particularly the layering of tropo-
spheric haze and extinction/baoksoatter by cirrus clouds ai visible wavelengths. This
work includes the operation or a fixed lidar at College Park, and a transportable lidar
for geographic locations of interest to DoD. A sensitivity baseline for these lidarb
has been established using Rayleigh backocattar from the high altitude molecular atmo-
sphere. Profiles of temperature and dvnsity cover the altitude range 30-80 km. For
cirrus clouds, measured relationships between extinction and backsortter make it pos-
sible to estimate the long-range hovizontal visibility through cirrus layers via cali-
brated backsoattar observations. Inveraion of troposphorio haze measurements to ver-
tical profiles of extinction is reported. Applicability of lidar probe methods to
energy and Information transfer through the atmosphere Is summarized. Upper atmosphere
observations are discussed, relevant to the prediction of atmospheric effects on re-
entry vehicles.

1. INTRODUCTION

This presentation discusses the goals, methods and results of atmospheric lidar
measurements at the University of Maryland, specifically our research that uses untuned
NdiYAO lasers to observe MI.e scattering by particulates and Rayleigh scattering by the
molecular atmosphere.

The relevance of lidar for thio Symposium lies in the unique capabilities for re-
mote probing of the atmosphere afforded by pulsed lasers. Uuing the radar principle of
converting time-of-return into distance along the laser, beam direction, coupled with the
narrowness oa the beam itself, one can carry out remote mapping of large portions of the
atmosphere with a time resolution limited only by the pulse repetition frequency of the
laser (typically 10-1000 Hz). As a support for studies of electromagnetic propagation,
lidar is attractive because the propagation phenomena of interest (e.g., light scatter-
Ing arid extinction) are directly addressed by lidar measurements. Other important para-
meters of the environment, such as temperature and humidity, can also be measured re-
motely by means of lidar. Excellent references oa lidar are the book by Measures1 and
the March 1989 special issue of Proceedings of the IEEE.2,, Table 1 outlines the parts
of the Maryland program to be discussed here.

TABLE 1. UNIVERSITY OF MARYLAND LIDAR PROGRAM (SDI0/ONR)

. Middle atmosphere measurements (ground-based),
from various geographical locations

. Tropospheric measurements

. Fixed lidar site at College Park (operational)

. Transportable lidar (testing), for observations from
desert, mountain, Arctic, and oceanic sites

* Current observations at College Park
- Tropospheric haze layerse Me scattering

Cirrus clouds (10-13 km)j
- Clear air Rayleigh scattering (to 85 km)
- Temperature and density profiles

(stratosphere, mesosphere)

2. APPLICATIOMS

Table 2 indicates capabilities in our Atmospheric Lidar Observatory (ALO) for
M making useful measurements in support of eDo programs apecifloally infrared search and
track (IRST), high energy laser weapon systems (HELWS), reentry of high speed vehicles
(HSV), and aloud free line-of-sight (CFLOS). The third heading on density structure in
the upper atmoephere Is also of interest to NASA for Shuttle re-entry and the National
Aerospace Plane. ,• The fourth main heading mentions our interest in setting up lidar
operations ,it sites other than College Park.

'Research supported by the University of Maryland, kud by SDIO and ONH through
contrant number NO014-85-K-a582.



27-2

TABLE 2. ALO CAPABILITIES RELEVANT TO DoD PROGRAMS
(IRST, HELWS, HSV RE-ENTRY, CFLOS)

• CIRRUS (thin, very thin. "subvislble")
- Optical extinction data vital for validation of

long range sensor oapabilitieo (visible, It)

• AEROSOL
- Optioal background (IR)
- Visibility layering
- Masa loading of atmosphere: implioations for

ablation of high speed vehicles
- Impact of uniform/non-uniform layering on

nonlinear (high power) optical propagation

• PROFILES OF UPPER ATMOSPHERE DENSITY
- Influence of large gas density fluctuations on

HSV flight
- Climatology of density perturbations

for avoidance of effeots

INTEREST IN OTHER LIDAR SITES
- Clear weather
- High altitude
- Airborne platforms

3. EQUIPMENT

Table 3 desorlbes the equipment used In the work reported here. The fixed system
in the ALO at College Park currently looks only at the zenith, and could be tilted to
approximately 1450 elevation in any direction. The transportable system also looks
vertioally, and will soon have the capability or viewing at all elevation angles in a
plane.

TABLE 3.

LAHER soigem FREQUENCY DOUBLED Nd:YAG LASERS

• WAVELENGTH 532 nm

• ENERGY 400 mJ

• BEAM DIVERGENCE 0.6 m rod

• PULSE WIDTH 10-15 nu

• REPETITION RATE 10 HZ

• CASSEGRAIN TELESCOPE 60 em dium. (FIXED)

NEWTIONIAN TELESCOPE 44 am diam, (TItANSPORTABI,I'M)

DIETECTOR AND DATA ACQUIJIITION lYfIm

SINGLE CHANNEL DETECTORS FOR ROUTINE BACKSCAr'IER1
MEASUREMENTS

* DUAL CHANNEL DETECXrOR SYSTEM USING WOLLASTON PRISM
FOR DEPOLARIZATION MEASUREMENTS

* TRANSIAC 2012 DIGJITIZERS

LASER INTERFACE DATA ACQUISITION 8YSTEMS

* 12 MHz, 80286 COMPUTEIRS & DATA STORAGE

* PHOTON COUNTING SYKIIEM FOR MIDDLE ATMOS1PHERE
MEASURNMENTH

S BOFIWARE SYSTEMS FOR DATA fnI•RAGE AND
MULTI-LEVEL ANALYSIS
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ii. TROPOSPHERIC HAZE LAYERS

This section describes the visualization of haze layers In the troposphere and some

results on optical extinction derived from baokaoatter data. Figure 1 shows the ob-
served lidar baokaoatter intensity as a functlon of altitude z (vertical) and time

(horizontal).* The time span is about 50 minutes in the early morning of August 11,
1988, when the air was very stable and polluted for several days. The haze layers

extend upward to about 3.7 km altitude.

Figure 1, Lidar image of haze layers over Coilege Park, MD,
August 11, 1988. Altitude is vertical; time
runs horizontally and Increases to the right.

Figure 2 shows an example of reducing the baokacatter data for August 14, 1908 to
optical extinction vs altitude, using the inversion method suggested by Kaestner. The
accuracy of extLnot'fn inferred from baokscatter depends on some assumptions. The
results given in Figure 2 show that optical extinction varies dramatically wilh altitude
in such layered hazes. Lidar inversions for cirru, clouds are discussed in the next
section. For the 21 tpested reader we have listed many of the useful references on
lidar inversions. P

Figure 3 demonstrates a situation bearing on CFLOS (Cloud Free Line-of-Sight). The
Intrusion of a thin layer of low lying, patchy clouds produces a highly Yariable total
extinction between the ground and any altitude above about 800 meters. At times, the
layers above this cloud are easily located; at other times the vertical visibility goes
to zero. This altuation suggests an approach to high energy laser applications roquir-
Ing good transmission between the ground and spaeol namely that probe lidars be used as
control systems to locate and characterize aerosol layers that can affect non-linear
beam propagation at high power, and/or identify moments of good and bad transmission due
to variable cloudiness. Spatially scanning lidars, such as the University of Wisoonsin
system, can rapidly map the overhead sky transmission for the same purpose.

CLidar returns are correated for the 1/z' decrease in solid angle and signal.

Figure* 1, 3, 4, and 5 are black-and-white renditions of a false color scale which In
not possible to roproduce here. Reliable data start at about I km altitude, because of
the setting of the overlap or the field of view of tho telescope and the laser
transmitter.

ar
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Figure 2. Optical extinction coeftioient (A - 532 nm) as tuntLion of altitude,
ualuulated by inverting 1idar baoksoatter returna.

Figure 3. Tropompheria hazo layers, with interference by low lying olouds.
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5. CIRRUS CLOUDS

Figures 4 and 5 are altitude-time plots of the baoksoatter intensity from cirrus
clouds on August 16, 1968. Figure 4 shown the entire record from the ground to 15 km
altitude, Including layers at 7 km and cirrus at 11-12 km. Figure 5 expands the alti-
tude scale, so as to dveplay greater detail in the cirrus clouds.

Figure 6 indicates how one can use the numerical dita from which the pictures are
derived to evaluate the extinction by the clouds 'and the scattering from the clouds,
Independent of one another' Extinction at any jiven time is given by the decrease oa
return signal from the relatively constant, clear air regions (z1) above the tropo-
pause. Backsoatter intensity In calibrated by assuming Raylegh scattering from clear
air, near or at the cloud level (e.g,, Z2). Results of our analysis for a few cirrus
clouds will be given below.

Also one can invert the cirrus cloud baokocatter profile alone to obtain an ex-
tinction profile and a mean extinction for the aloud, so ua to compare results with the
completely empirical method just described. The eassential point of these lidar observa-
tions and analyses Is to detect cirrus clouds even when they are "thin" or "subvisible",
and to estimate their optical extinction properties from baoksnatter data.

Figure 7 summarizes the results of many or our cirrus observations to indicate the
approximate range they fall into. For a given extinction, the backscatter coefficient
is of order 1/4 to 1/10 the value that would apply for Rayleigh scattering. This Is
consistent with the highly forward scattering expected for Mie soattering, and the con-
sequent reduction of intensity expected in the backward direotiqn.

Data from a particular cirrus cloud pattern for about one hour on the night of
August 16, 1988 are shown in Figure 8. The numbers masociated with sample data points
are extinction optical depth, v - <uef>h, of the cirrus cloud at various times during
the observing period. That there is a systematic relationship between extinction and
backacatter is evident even at small optical depths.

Figure 9 shows similar data for September 15, 19881 Figure 10 is a re-plot using
linear scales for the variabl.s. A non-linear relationship in certainly suggested--
which is not to say that the processes are Intrinsically so related, but possibly that
at least one important property of the uloud, euch as the partiole size distributio|,,
may be varying along with the total extinction. We are also looking into other possi-
bilities, such as subtle effects leading to detector saturation, that may have go,,:
undetected so tar. Taking these data at face value for the present, we are carrying out
the inversions mentioned above. Figure 11 shows the results or inverting the boaksaatter
profile to obtain the mean extinction, using Kaestner's inversion method with a non-
linear relationship derived from the data in Figure 10. Good agreement between Figs. 9
and 11 is obtained. Our study of thee optical properties and inversion muthodn im
continuing.

We are also investigating the oharacter1;ation of cirrus clouds in terms of their
geometric properties and the dependence ot optinal properties on temporature.

Figure 4.Altitude-tim. picture of alc'rul cloud layer (11-12k 1m)
and lower lying aloud layers (7 km).

2M



27-6

Figure 5. Excpanded plature Of Oirru3s hown in Figure 14.
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Histograms showing distributions of cloud bame height and cloud geometric depth are
presented in Figs. 12 and 13 for observations made on the nights of September 15 and
August 16, 1988. Cloud base heights were observed on September 15 in the range 8.9-9.7
km; on August 16, the heights were in the range 10.4-11.3 km. Cloud geometric depths
measured on September 15 were 100 to 800 m, while on August 16 they were 100 m to 1.3
Skm.

15 Sept 88 21:53:26 - 22:37:43 15 Sept 88 21:53:26 - 22:37:43
40- 40

30

I0, *

10-.--IQr

Cloud Bove Height (kn) Cloud Gometric Depth (km)

Figure 12. Histograms of cloud base height (left) and cloud thickness (right) for
September 15, 1988 (College Park, MD).

16 Aug 68 21:50:37 - 22:58:44 16 Aug B8 21:50:J7 -22:58:44

40. 40

30--

20• 0 4 0,i.ioo ,o .0 ,o.2 0 1",,2 11,1, .1 al o,4 0. 0, '. i
Cloud Bove Hylght (ksn) Cloud Geometric Depth (km)

Figure 13. Histograms ot clouds base height (left) and oloud thickness (right) for
August 16, 1988 (College Park, MD).

Figure 14 compares the effective baokscatter-to-extinotion ratio of September 15 to
the mid-cloud temperatures estimated from radiosonde data. The square in Figure 14
gives the position of the average values for the sample. The value of effective back-
soatter-to-ex inotion ratio at -36'C is the same as a value reported previously for this
temperature.14 After acoouiting for their use of an isotropic baoksoatter coefficient
(-Mae), the value given by these authors is 0.035, while the average value from Figure
I4 is 8.035. Here we havo ignored possible effects from multiple scattering inside the
cloud, which is justified considering the narrow field of view of the receiver (1.2 mead
full angle).

The backcatter-to-extinotion ratio is dependent on the cloud particle phase and

crystal habit. Larger polycrystalline forms have been seen to predominate in cirrus
* clouds at temperatures greater than -400 C. while smaller and simpler crystal forms are

more numerous at temporature. below -400C to -509C. Supercooled water droplets
certainl exist in cirrus clouds at temperatures above -400 C, and there have been
reports'( of manifestations of their presence at temperatures as low as -550C. Since
the baoksoatter-to-extinction ratio is thought to be greater for water droplets than ice
orystals, and to be larger for the more complex ice orystals found at warmer tempera-
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tures than for the simpler crystals found at lower temperatures, one expects greater
values of this ratio at higher temperatures. Indeed, Platt and Dilley have found this
to be the case in their observations, 1 5 and have also noticed a sharp jump in the ratio
at temperatures of -40°C and -500C, where one might expect a change due to changing
particle phase and crystal habit. Our observations will be geared toward increasing the
number of results such as these presented, in order to enable us to draw more definitive
conclusions on the microphysical properties of cirrus clouds.

15 Sept 88 21:53:26-22:37:43
0.10

0 8

0.08
o

0
S0.06 -

0 *

* ,* *

0 U.02 * *

€***

>

• 0.00 .... 1, ...... - 1,,, , ...... , • , v
-39.0 -38.0 -3.0 -36.0 -35.0 -34.0

Temperature (K)

Figure 14. Observed valueu of the effective backscatter-to-extinction ratio for
different values of mid-cloud temperature. Temperature is inferred from
radiosonde profiles.

6. UPPER ATMOSPHERE OBSERVATIONS BY MEANS OF RAYLEIGH SCATTERING

This section reports e'amples of the measurement of thermal properties and
fluctuations in the stra o here and mesosphere, using Rayleigh backscatter intensity as
a function of altitude.1 - This method employs the linear dependence of Rayleigh
scattering on gas density, plus the ideal gas law and the hydrostatic pressure equili-
brium of the atmosphere. Integration of these equations from high altitude downward
yields profiles of the absolute temperature and the relative density.

Figure 15 shows plots of absolute temperature and relative density vs altitude for
a 50-minute period on thl night of March 16, 1989. The dashed curves represent
climatological averages2 for the month of March at our local latitude. The relative
density is normalized to unity at 35 km altitude. Below this, the data are problema-
tical because of saturation in the photon counter and possible aerosol contributions to
the lidar return. The regions that we currently monitor with the greatest reliability
are the upper stratosphere (35-50 km) and most of the mesosphere (50-70 km). While the
stratosphere is relatively quiescent, the regions above the stratopause (- 47-50 km)
display great variability in the density and temperature. Large density fluctuations
can occur, •, the medium often appears "turbulent" with a dominant fluctuation scale
size of order 1-3 km, and propagating gravity waves are frequently seen. In some cases,
these atmospheric density fluctuations can have serious effects on high speed vehicle
flight through the upper atmosphere.

Figure 16 is a similar presentation for November 21-22, 1988. Our data around this
time showed large fluctuations and heating at altitudes above 60 km. This was just
prior to a stratospheric warming event that peaked on December 12-13 and was detected by
ground based lidar and passive satellite instruments. Analysis of our stratwarm data is
continuing, and will be reported in the near future. For fundamental studies of the
atmosphere for geophysics and meteorology, lidar offers convenient and frequent access
to atmospheric regions that are difficult to monitor by other means.
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7. CONCLUSION

We conclude by briefly addressing three main points. First, we summarize the
results we have obtained in the Maryland lidar prcgram. Secondly, we stress that our
accomplishments are a small part of a mature lidar technology base that has undergone
steady, international development over the past twenty years. Thirdly, w' urge the
defense R&D community to incorporate this technology more and more Into atmospheric
propagation projects.

Table 4 summarizes the Maryland results described in this presentation. We are

continuing and broadening this work, and intend to use the transportable lidar at other
sites of interest to DoD programs.

The capabilities of lidar systems in general extend well beyond the above topics to
include atmospheric winds, temperature, pressure, humidity, turbulence, concentrations
of minor species and pollutants, and atom/ion species and motions in the upper
atmosphere, While s3oentiste and engineers in the United States have played a major role
In lidar developments, much of the Initiative, excellence, and accomplishment in this
field comes from other countries,

As a result of all this work, it is now possible to carry out, by means of lidar,
almost any remote measurement of the atmosphere that would be required for electromagne-
tic propagation experiments. We suggest that atmospheric lidar is still a greatly
underutilized technology, having the potential for long-awaited improvements in the
efficiency, reliability and decisiveness of R&D programs in electromagnetic propagation.

TABLE 4. RESULTS - UNIVERSITY OF MARYLAND LIDAR (SEPTEMBER 1989)

* Atmospheric backacatter (aerosol/moleoules)
to 65 km altitude

B Dackscatter Intensity (altitude - time plots)

Molecular temperature/density profiles
(Rayleigh scattering) In stratosphere/mesosphere

Detection and morphology of optically tbin cirrus (T a .01)

* Depolarization by clear air and cirrus clouds

Independent backscatter and extinution coefficients for high
clouds

Linear/non-linear relationships between baoksoatter and extinction
Extinction determined by Inversion of lidar baokseatter

* Statistics on cirrus height, thickness, and
optical properties va temperature

16 Mar 89 21:47 - 22:37

16 Mar 89 21:47 - 22:37
70 70 i

50 kso

40- 40

Temnperature (K) Relativa Density

Figure 15. Vertiroal profiles of atmospheric temperature and density Measured by lidar
(March 16, 1989, College Park, MD). Altitude range of reliable data is
35-70 km.



27-11

21-22 Nov 88 23:19 - 00:09
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Figure 16. Lidar profiles of temperature and density (November 21-22, 1988, College
Park, MD). Evidenoe of mesoapherlo heating and large density fluctuations

* above 60 km.
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D18CUNIION

Do you have any physical insight as to your non-linear relationship between p (backsoat-.
ter) and a (extinction)?

we do not believe that there is any intrinsic non-linear relationship between the
amounts of P and a in any given scattering event, but rather that some iumasured cloud
property (e.g. particle distribution function) changes as we go from thin to thick
clouds within a given set of observations. Multiple scattering (US) is not responsible
for the non-linear relationship between the effective extinction and the effective
backscattery XS would cause the logarithmic curves to bend the other way, i.e., to have
a slope loam than unity.

J. UZOUTU
A relationship between backsoatter and extinction holds only for aerosols of the same
compositions and origin. If you have overlying air masses of unknown aerosols, you
don't know the backsoatter - extinction relationship and, therefore, can't infer extinc-
tion profiles through such layers.

aUTimO~m' REDBLY
What we have done is to establish som approximate calibrations of high cloud extinction
in term of the easily-masured lidar qutntity - namely the backsuatter profiles. In so
doing, we find systematic - and to some degree non-linear - relationships between the
observed total extinction and the observed mean baokscatter. This is vary useful,
because we can infer extinction from backscatter in JuJaxs observations, at least to
within certain error bounds. Also, it is a fact that, when we employ two aforesaid non-
linear relationships in a Fernald-Klett-Kaestner inversion of the backscatter alone, we
obtain good atreedent between the calculated total extinction by tvose hrih cloudcs nd
the empirical total extinction. I am sure there are situations in which the p-0 rela-i !, tions (along the lidar line of siqht) are so variable that the inversion process would

not be reliable. However, I suggest that, even there, the use of data from the total
extinction versus mean baokscatter method may bound the p-o relationship sufficiently
that the extinction profiles (derived from the resulting inversion) are satisfactory for
som purposes. Further, I suggest that experiments of this type be catried out for the

t'__
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Lidar Meaurement of Concentration and Turbulence
in Battlefifdd Obscurants

by
B.T.N. Evans and G. Roy

Defence Research Etabli-hm-en, Valcartier
2459, Pie XI Blvd., North (P.O. Box 8800)

Courcelette, Quebec, GOA 1R0
Canada

ABSTRACT

Concentration inhomogeneities, cause by turbulence, in obscurant clouds are studied

by using a rapidly scanning lidar. Spatial correlograin in the three spatial directions are
derived and are velated to atmospheric stability. Implications of these inhomogeneities for
obscurant effectiveness and interdevice comparison are discussed.

1. INTRODUCTION

It is known that obscurant clouds, produced in the field, have significant concentration
inhomogeneities. Large concentrations can give excellent screening against enemy threats,
however, low concentrations may give the enemy significant time to lock on to a friendly
target. It is therefore important to have an understanding of the sitatistical size of the
concentration inhomogeneities under different atmospheric conditions.

To date the rapid changes in concentrations have not been studied to any great extent
since it is extremely difficult to model or measure these fluctuations in realistic conditiona.
This paper is an early attempt to directly measure some of the statistical behaviour of these
fluctuations. To do so, the results obtained by the Laser Cloud Mapper (LCM) from Smoke
Week IX (SWIX) have been used. The Smoke Weeks are large obscurant events operated
by the PM Smoke/Obscurant office of the US Aimy. SWIX was held from 4-17 May 1987
at Eglin Air Force Base in Florida (see (1)). During this set of trials the LCM measurud
the smoke concentration for many obscurant types and different atmospheric stabilities
(Pasquill stabilities). Furthermore, since the LCM rapidly scans the entire cloud, details of
the concentration and transmission inhomogeneities can be obtained. Also, LCM derived
concentiationa were compared with 20 90*-nephelometers that were placed in aitu in a line in
the cloud. It was found during the comparison, that the concentration inhomogeneities can
be extreme, especially in the vertical direction, hence detailed knowledge of the correlation

lengths in the region of the comparison is required to perform a fair comparison,

"2. BRIEF DESCRIPTION OF THE LASER CLOUD MAPPER

SThe LCM was originally developed by OPTECIH Inc., Down-view, Ontario in 1980 for
DREV. It is a rapidly scanning Lidar system that operates a 1.06 pm Nd:YAG laser with a
100 Hz repetition frequency. The nominal pulse length is about 10 us. The direction of the
laser beam is constrained by a rotating mirror to form laser fire positions in a raster scan
pattern. Thin scan pattern as well as the pulsing laher allows the LCM to interrogate the
cloud in the three spatial dimensions as well au time. A typic(A 'snapshot' of the cloud takes
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about 2.0 s to perform and can be repeated every 4 s. A schematic of the LCM operation is
shown in Fig. 1.

A typical trial setting for the LCM is to fire 30 - 40 shots horizontally over 90° of
azimuth for 5 - 6 different elevation angles. Thus between 150 to 240 shots may be involved
in scanning a cloud at one time, More or less shots and/or more or less elevation angles can
be used to vary the azimuthal and vertical resolution. The radial resolution can be varied
from 1.5 m to very coarse distance intervals. The best radial resolution is usually preferred.
For the SWIX trials the LCM was usually set to 36 shots for each horizontal sweep with 6
sweeps making up a full scan. Thus 216 shots comprised a scan, More information of the
LCM can be found in (2) and (3).

3. TRIAL SETUP AND DATA REDUCTION

A schematic of the trial layout for the LCM at SWIX is shown in Fig. 2. Shown are the
smoke release area, typical positions of the smoke generators and the line of nephelometers
and the position of the LCM. For this trial the LCM was set up to scan the laser over 900
in azimuth and between 5V to 100 in elevation. Usually the radial resolution was set to
about 1.5 rn with 100 bins (radial resolution elements) to each shot. The electronic delay,
or the point from the LCM where the data was collected, was varied so that the obscurant
cloud was near the front part of ectmh shut. As the wind direction varies this positioning of
the cloud with respect to the LCM data collection was imperfdct and hence was not always
ideal.

Most of the SWIX trials lasted for 1-2 minutes. In this time the LCM collected 9
statistically independent whole volume samples of the cloud concentration.

The cloud concentration is obtained by inversion of the lidar equation fa1l using the
ancillary relations that relate backscatter to extinction and extinction to concentration. The
monostatic Lidar equation is

P P. F(r) ErA 13r) C-2-f r [1]

where P is the return power, P, is the initial laser pulse power, F(r) is a system specific
function, c is the speed of light, r is the laser pulse length, A is the receiver area,/3 is the
backscatter coefficient, and a is the extinction coefficient. The bawkscatter to extinction
relation used is the linear relation

P3(r) - Ro!(r) [2]

where R is the Lidar ratio. The final relation required is

C(r) ao(r) [31

where C(r) is the range resolved concentration and a is the volume or linear extinction
coefficient.
used The method of inversion employed is similar to, but not the uamne as, the now often
used inversion method of Klett (4). Unlike in (4), this inversion method requires only one
boundary term for a whole set of trials as opposed to a new boundary condition for emah
Lidar shot.

The inversion method and validity of [1] can be founol in (5) and the range of validity
of [2] is discussed in (6). As of yet the validity of [3] has not been detailed i, the literature
but it is known to be valid for aerosols not changing in particle size distribution and for
some combinations of wavelength and water aerosols (7). The mass extinction coefficients
have been obtained in the field (8) and in aerosol chambers (9) and (10) for a variety of

! i obscurants.
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4. CORRELATION LENGTHS

The statistical parameter used to analysis the data from the LCM to indicate the extent
of concentration inhomogeneities is defined here as the correlation length. It is defined, in
analogy to the scale of turbulence (11) and (12), as

16 = joR 6 (x) dx [4]

where I is the correlation length, r is the distance between any two points in the 6 direction,
and R is the correlation function defined as

R,[=

Here, C• is the aerosol concentration at point, i and C2 represents the average of the con-
centration squared over time. It is assumed here that CZ'• is independent of small changes
in the cloud. This is consistent with the assumptions inherent in [5], i.e. of statistical ho-
mogeneity and isotropy. The different directions that will be considered here are the radial,
r, azimuthal, 0 and vertical, v, directions. Since for a majority of trials the wind direction
was perpendicular to the central LCM shot direction, the radial direction can be considered
the same as the cross wind direction.

Since the LCM obtains information on Ci over a great many different positions and
times, it is possible, using the above definition to estimate R, and hence, t at any point
inside the cloud within the spatial resolution of the LCM of the particuhLr direction.

Again, in analogy with the scale of turbulence (11), the correlation function It can be
modeled by a gaussian curve. Here we will use the average 77 insteiul ofi since we want a
statistical avwrage of the concentration scale. Thus we have

With this model we, then have
S= ,Ai/2ab. [7]

This means that an estimate of 6 is given approximately by X = x' where W6(xl) = .5. This
will be nade more clear in the following section discussing results.

5. RESULTS AND DISCUSSION

For many types of obscurants and atmospheric stability conditions W6 and consequently
76 have be derived from the LCM data. Attempts to relate these quantities to atmospheric
stability, obscurant type and distance into the cloud axe discussed in this section.

Examples of X6 versus distance from the point in question, for fog oil are given in Figs.
3-5. Plotted in the diagrams are We In Fig. 3, X,. in Fig. 4 and X, in Fig. 5. These plots
are sometimes called correlograns. Shown, in Figs. 3-4, are three different trials, each curve
being an average over 9 statistically Independent samples at the same position. Note that
W6 rapidly decreases from 1 to values less than .5. Figure 5 Is for only one fog oil trial but
shows the variation with distance from i the LCM instead. In Fig. 3, 4e - 20 - 30m using
the criterion in the last paragraph of the last section. From the latter two diagriums we can
estimate 7,. 4 15 - 40m and 4 v 1 - 2.5m. Although , t ?# for these case 4 is much
smaller. This shows, as is generally knowni, that I is an anisotropic quantity.

No discernible relationship between 1, or 4', and the various obscurant types could be
found. This is shown in Figs. 6-7. Figure 6 shows i,. for 8 different obscurant types and
Fig. 7 shows 7,, for the same obscurant types. It is surprising at first that the generator
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trials (those for aluminum, brass, graphite flakes and fog oil) are not different from the

pyrotechnically produced phosphorous trials (white phosphorous, super arboc and CBU88),
The explanation may be that the aerosols were thermulized to the ambient temperature
before reaching the particular point used for this study. Also there was a tendency to have

generator trials under slightly unstable or neutral conditions whereas many phosphorous
trials were held under more unstable or more stable conditions.

During the SWIX trials many different atmospheric stability categories were encoun-
tered. This allows for a study to see if there is any trend between the correlation length
and atmospheric stability (here sumn-arized by the Pasquill category). The categories, A.G
vary in the degrees of stability from very unstable to extremely stable, category D being the
neutral condition. The data set from the SWIX trials did not have any cases with A or E
stability categories. In the cross wind or radial direction a trend with the Pasquill category
can be seen in Fig. 8. The results from 16 different trials including different obscurant
types. It is evident that the correlation length in the cross wind direction increases with
increasing atmospheric stability. This is not surprising since the more stable conditions
produce layering of the atmosphere whereas the unstable conditions are more turbulent and
thus break up the layering. Note that 7, P 3 - in for B stability, ?, ; 8 - 15 in for neutral
stability D, and ?, • 10 - 25 in for the very stabile conditions F and G. The point for G
stability should be considered tentative since there is only one point and the obscurant used
(Super Arboc) is created by nuly sub-suurce points,

A similar plot to Fig. 8 Is Fig. 9 that shows the vertical correlation length plotted
agaidist the Pasquill category. Note in this case that, although the trend is less obvious,
there is a tendency for this length to decrease with increasing atmirospheric stability. This is
presumably since as the atmosphere Is more layered in very stable conditions there is little
connection between the variations between the concentration in one layer and another. This
connection is increased with increasing turbulence. Here 4 r 3.6 - 5.2 in for the unstable
conditions, ý, - 1.8 - 3.6 in for neutral stabilities, and 1. P 0.8 - 2 in for the very stable
conditions. It is intuzesting to note that .1 2 for category B. It is desirable to know
the trend for category A. Again the point for G should be considered tentative. Since, in
general, t4, <: 4, an interdevice comparison should be performed at the same vertical height.

From the preceding two diagrams, Fig. 8 and 9, a lesson can be drawn in any attempt
to compare two Instruments that measurv the sane quMatity that Involves concentration.
If the distance between the measuring points of the two instruments is of the order of 76 or
less it should not be expected that the two devices will agree at all points ewvn if e•ah Is a
perfect measuring system. Furthermore since it appears that ( is a function of atmxospheric
stability this factor muH1 be included in the analysis of the comp)arison.

In order to see if there is any litk betwoen the disttance into the cloud anti 7,. or ? the
point for the sanie stability category were averaged and then plotted. The averaging being
performed as an attempt to amplify any tendency. The result is Figs. I0 and 11. These are
plots of 4 or 4 respectively with distance Into cloud separated into the differeiit Pasquill
categories, No apparent trend is noticeable In Fig. 10. However, in Fig. 11, 7,4 appears to
increase about 30 m into the cloud and then decrease for the unstable conditions and does
not change for the ueutral and stable categories. It is should be pointed out that the typical
generator width was about 30im (as measured by the LCM) ard thus the behaviour of ?,
or ? into the cloud may be explained by this. However the two trials used for Pasquill
category 1 were white phosp)horous clouds. This imakes the interpretation difficult.

j

I.
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5. SUMMARY

,Rtult of the LCM obtained from Smoke Week IX were analyzed to obtain information
o, .L statistical spatial extent of concentration inhomogeneities in obscurant clouds under
realistic conditions. Seven different obscurant types are included in the discussion as well as
five different Pasquill stability categories. It is tentatively shown that the average cross wind
correlation length, 4,, increases and the average vertical correlation length, 74, decreases
vith atmospheric stability. This is probably due to the amount of layering or turbulence
occurring under a given atmospheric stability. As the atmospheric stability increased, 4.
varied from - 3m to over 15m and i4 went from ; 5 m to 0.8im.

No effect on these correlation lengths was found by changing the obscurant type. This is
possibly due to the selectiveness of performing generator trials under more neutral conditions
than the pyrotechnically produced- events.

Very preliminary results indicate that the vertical correlation lengths may increase with
increasing by distance into the cloud.
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DIOUSBUXON

W.* CARMUTE
How do you get the data in grams per m3 in your lidar-nephelometer comparison from the
data in optical units?

AUTHORIS RDPLY
I first obtain the volume or linear extinction coefficient by using lidar inversion.
To obtain the concentration from this, I use independent experimental or field measured
values of the mass extinction coefficient. Thus the concentration is obtainod by divid-
ing the volume extinction by the mass extinction coefficients.
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The High Spectral Resolution Lidar (HSRL) provides calibrated range-resolved measurements
of atmospheric optical parameters. These measurements include: the optical backscatter cross
section, extinction cross section, optical depth and, when the absorption cross section is
negligible, the backacatter phase function. Calibrated measurements are achieved by parti-
tioning the lidar signal into separate aerosol and molecular scattering cosponents. The
separation is possible because the molecular signal is spectrally broadened by Doppler shifts
from the thermal velocities of the molecules while the aerosol return spectrum is nearly
unaffected by the slow Brownian motions of the aerosols. Details of the HSRL system can be
found in Crund (1987) and Shipley ot. al. (1983),

Visible and subvisible cirrus cloud optical properties measured at a wavelength of

510 nm with the HSRL are presented in this paper. Backscatter cross sections between 5x10 5

(k or)'"1) to 0.18 (ka or)"1 have been measured along with backscatter phase functions in the

range between .02 or- and .065 sr"1 ('.ass function values are presented in normalized form:
is. divided by 4 W). The highest values ox' both backscatter cross section and back-scatter
phase have been observed in layers where cirrus is forming by the glaciation of Altocumulus
clouds; these values are likely to represent the dominate optical effect of liquid water in
mixed phase clouds, Clouds with optical depths ranging from .003 to 2,9 have been observed;
at the low end of this range the clouds are not visible to the eye. These subvisible clouds
often occur at the same altitude as visible cirrus and in spaces between visible clouds.
Figure I presents an example of the tenuous enhanced backscattering often observed with the
HSRL at cirrus altitudes. While we refer to these clouds as subvisible *cirrus" it is
possible that at least som of them are aerosol dense regions rather than ice clouds. Since
2.9 is largest optical depth we can currently observe with the HSRL this does not represent
the maximum optical depth of cirrus; however, most cirrus optical depths are saller than
this limit. Table 1 provides examples of the mid-cloud altitudes, the optical thickness,
and the backscatter phaps fynction observed in cirrus clouds with the HSRL. The mid-cloud
temperatures reported in thia table were derived from radiosonde data. Figure 2 plots
optical thickness of cirrus clouds as a function of their mid-cloud temperature. It is
clear that maximum optical thickness increases in warmer clouds as might be expected because
of the potentially larger total water content of air at higher temperatures. Platt and
Dillay (1984) present evidence of an abrupt change in the backscatter phase function of
cirrus clouds st a temperature of - 400C. Figure 3 presence their results along with
measurements obtained from the HSRL. Although the error bars on the HSRL observations are
still quite large and the scatter could possibly obscure evidence of a sharp transition,
cirrus clouds over Madison, Wis. do not appear to show the same behavior. Figure 4 shows
a comparison of cirrus cloud optical depths measured with the HSRL and thermal smissivities

measured by satellite with the CO" 2 slicing method (for details of the method see HMenel
at. al. (1983)). These preliminary observations lend support to the model results of
Hanson (1971) which are also plotted in the figure.

The University of Wisconsin also operates a Volume Imaging Lidar (VIL) optimized for
three-dimensional mapping of atmospheric structure. This lidar couples a 0.6J, 30Hz Nd-YAG
laser, with a 0,5 m diameter receiver, a 20 degree/sec bean scanning unit and data system
capable of acquiring, displaying and storing data at sustained high rates. In a single
thirty second scan this lidar can produce a high resolution picture, composed of 900 lidar
profiles, depicting a 200 km long segment of a cirrus cloud.

Images of cirrus clouds obtained with the volume imaging lidar show diverse cirrus
morphologies. The thickness of cirrus layers vary from less than 100 meters to over
6 kilometers. In the cirrus anvils of thunderstorms, thin stable layers (order of 100
moters) are interspaced with chaotic apparently turbulent layers. Other clouds show
multiple thin horizontal layers distributed over many kilometers of depth with occasional
shafts of wind sheared Ice crystal virga falling through the entire depth of the clout
region. In some cases, wind sheared cirrus cells overlap to produce a venetian blind
effect so as to provide frequent holes when the cloud is viewed at small elevation angles
in one direction and continuous coverage when viewed in other directions. Specular re-
flections from horizontally oriented, flat faced crystals are frequently observed when the
lidar is pointed vertically. The scattering cross section often increases by more than a
factor of toe within a degree of the zenith. The crystal forms in the cirrus clouds appear
to be spatially and temporally variable. Images show specular reflections in thin layers
separatid by less than 100 moters in altitude from cirrus layers showing no evidence of
enhanced reflection. Time lapse video movies generated from these lidar scans show regions
of specular reflection which appear and disappear as the cloud is advactad by the lidar,
This indicates that the crystal form orientation also vary in the horizontal.
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Cloud Optical Thickness vs. Temperature
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thicknesa also decreases, while the minimum observed aloud optioa) thicknesses do.
not seem to depend on temperature,
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S~ DZUO1UEIZOIN

You showed that you measured specular reflections in the top layers of cirrus clouds
when you looked vertically. Did you find evidence of apecular reflections at other
elevation angles, which might indloate that the ice crystals are oriented at other
angles in lower levels in the cloud (in particular in the venetian blind like cloud
formation which you observed)? Also, did you find evidence of horizontally oriented ice
platelets at lower levels in the cloud or were they only near the top of the clouds?

AUTSOR'I RUPLY
We have not observed specular reflections at pointing directions other than the zenith.
I don't have any reason to expect systematic orientation at other angles. Specular
reflections are frequently seen at many different altitudes, however they appear most
frequently at high altitudes in the caoes we have observed.

V. TEZURRM
You mentioned your lidar is capable of detecting invisible cirrus clouds. What was the
probability of detecting a structure you would call a "cirrus cloud" in you lidar obser-
vations?

AUTNOR'S REPLY
At this point, we have not analyzed a sufficient number of cases to state a percentage
probability with much reliability. On days where cirrus is visible anywhere in the sky,
we find a high probability of observing "subvisible" cirrus in regions of the sky which
appear clear to the eye. My general impression is that more than 10% of the clear uky
days have thin layers of enhanced optical scattering at cirrus altitudes. Again, it is
not clear whether these layers are composed of ice crystals or other aerosols.

H. LAUMIRTON
Recent risults from an airborne CW CO2 laser backucatter measuring system show very high
(P - 10- - I0 ) scatter from extremely thin incipient cirrus layers approximately tens
of meters thick which are difficult, if not impossible, to detect from ground or satel-
lite, but which would have a major effect on airborne IR systems.

AUTKOM' URPLY
We also often observe very thin layers of subvisible "cirrus". At times, these may
exhibit relatively high scattering cross sections and persist for many hours. Not all
subvisible "cirrus" is confined to thin layers; at times layers with very small scatter-
ing cross sections per unit volume can extend over several kilometers of altitude. Even
though these subvisible layers often exist at the same altitude as visible cirrus it is
not clear whether theme layers are composed of ice crystals or other aerosols.

a. CLZWVORD
Can you measure temperature with your lidar using molecular scattering?

AUThORVO REPLY
You can in principle, but it's very difficult.
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veruioauoon of Zlett'a Method by Comparieon of Lidax and Transuissoiutezr eMuremanat
(NATO unclassified)

Walter Carnuth, Fraunhofer Institute for Atmospheric Environmental Research (IXf),
Krauaeckbahnatrasse 19, D-8l00 Galrnisch-Partenkirchen (FRG)

lummaxy
Lidar measurements are performed in 532 nm wavelength along a slant path from ground le-
vel at 730 m KSL to a 1780 m mountain peak at 7 km horizontal distance, and extinction
profiles derived from them by Klett's inversion method. This method, proceeding in the
backward direction, avoids the instabilities occurring with the classical forward inver-
sion, but requires a reference extinction value at the end of the lidar path. In our
case it is derived from visual range data obtained by an integrating nephelometer which
i. operated continuously at the mountain peak. Parallel to the lidar the optical depth
is measured by a broadband optical tranamissometer (350 to 900 nm). The data are compa-
red with those calculated by integration of the lidar extinction profiles.

List @1 symbol*

A aperture area of lidar receiving teltscgpe, m2

B backscatter/extinction ratio (B/a), sr-
BIA aerosol backscatter/extinction ratio (BA/a ), ar-I

molecular backscatter/extinction ratioltZ.7o.), ar-1

Br) total backscatter coefficient, mu Tr Lat range r
BA(r) aerosol backscatter coefficient, m-I~ r In8N(r) molecular backscatter coefficient, m'*sr
B5  boundary value for B at range r for Klett solution, m
c velocity of light, Un s 1

C lidar calibration factor, A.W" 1 or V.W"1
6 optical depth
k exponent in backscatter/extinction relation
p(r) received radiation power at the lidar telescope from range r, Watts
Q transmitted laser pulse energy, Joules
r range, m
a(r) total optical extinction coefficiest, m"1, at range r
UA(r) aerosol extinction coefficient, m
o,(r) molecular extinction coefficient, m-1

90 boundary value for a at range rc for standard solution, m•-
am boundary value for a at range rm for Klett solution, •-i
7 transmissivity
V visual range, m
y(r) lidar signal amplitude from range r, Amps or Volts.

1. Introduction
The lidar in regarded as an effective tool for range-resolved remote sensing of atmo-
spheric optical parameters, e.g. the extinction coefficient a, which is related to the
visual range V by Xoschmieder's formula,

V - -Ln(o.02)/o (1)

However, the quantitative derivation of those parameters from the lidar signals is en-
countered by some fundamental difficulties. One of them are instabilities which most in-
versions of the lidar equation, which relates the range-dependent radiation power recei-
ved by the lidar detector from range r to the optical parameters, exhibit at higher op-
tical depths. J. D. Klett (Refs. 1, 2) published an inversion method which delivers
stable solutions, if 1 reference extinction value at the end of the regarded range in-
terval is known or ck,A be estimated. The method is described in more detail in chapter
3. We take advantagt of the visual range data reozorded continuously at an observatory
which is located at a 1800 a MBL mountain top at 7 km horizontal distance from the in-
stitute (730 a KSL), to calculate boundary values for Klett's inversion. The extinction
profiles obtained by this method are stable, but are still influenced besides by measu-
rement errors by the particular choice of the backscatter-to-extinction (B-a) ratio,
which is the key parameter for any solution og the lidar equation. It seems to be inter-
eating, therefore, to verify the lidar-derived extinction or optical depth data by com-
parison with direct transamissivity measurements. Such measurements have been started
late in 1987. Some results will be presevted here.

2a. Xnatrumentation
For the backscatter measurements a mobile lidar system is used containing a Nd:YAG lase,
with second and third harmonic generation (SHG and THG), delivering pulse energies of
300, 125 and 60 mJ at 1064, 532 and 355 na wavelength, respectively. The maximum pulse

3 repetition frequency (l'RF) is 10 Hz. This laser was installed in the system early in
1989, replacing two older ruby and Nd:glass lasers. The backscattered radiation is
collected by a 30 cm Caseograin telescope and detected by a bialkali photomultiplier
(532 and 355 nm) or a PIN diode detector (1064 na). The detector field-of-view is 10S•mrad with the PIN diode and 4 mrad with the photomultiplier. The amplified siqnalo are
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* digitized by a 12-bit, 10-MHz transient recorder arid transferred to a personal computer.
Recently a fast hardware averager with 24 bit memory has been purchased allowing signal
averaging at the full 10 Hz PRF.

The visual range is recorded at the mountain observatory as well as in the valley at 400
m distance from the lidar site by commercial AEG-Rupperaberg visibility meters. In these
instruments the scattered light from a flashlamp which is ignited every 10 seconds is
measured by a photodiode detector. For normalization a second detector measures; the
light intensity of the flashlamp itself. The range of scattering angles is 10 to 130.,
thus rendering data quite independent of the size distribution of the aerosol particles.
For calibration a light-scattering opal glass plate can be introduced into the beam of
the flashlamp, giving a scattering signal which has been determined by eye observation
to be equal to 230 m visual range. The measurement range of the instrument is 50 m to 40
km.

The optical transmissivity of the path between institute and mountain observatory is
measured by a broad-band Barnes transmissomoter. The light source, consisting of a 150
watts halogen lamp, a 1 kHz chopper and an off-axis collimator with 12 cm aperture dia-
meter and 65 cm focal length, is installed at the mountain peak. The chopped radiation
is transmitted to the institute and measured by a dmtektor containing an 11 cm dia. Cas-
segrain telescope, a 350 to goo nm optical filter and a Si diode radiation sensor. The
detector-FOV is 2.5 mrad. The signals are amplified by a lock-in amplifier. The chopper
frequency of the source is telemetered to the detection site and fed to the reference
input of the lock-in. The system is calibrated by measurements during extreme atmosphe-
ric clearness. The maximum measurable optical depth at a pathlength of 7.07 km is at
least 6. The analog signals are digitized by a home-made digitizer and transferred to a
personal computer. The digitizer incorporates an automatic, computer-controlled gain
switch.
3. Datt evaluation
The backscattered power p(r) collected by the lidar telescope from range r as function
of the atmospheric scattering parameters is described by the no-called lidar equation,
which reads in its most widely using form, neglectinq close-range geometric attenuation,
multiple scattering and effects due to finite laser pulse length:

c I
p(r) - -. A.Q.r'2.S(rlsXPL- 2 a(x)-dx (2)

2 •

with c denoting velocity of light, Q the laser pulse energy, A the telescope aperture
area and 8 and a the backscatter- and extinction coefficients, resoectively. If the
electrical signal delivered by the detector is proportional to p(r), this equation can
be expressed in terms of the signal amplitude y(r):

y(r) - C.p(r) (3)

with C - lidar calibration constant. In Eq. (2) two unknowns occavr, S(r) and d(r), which
cannot be independently inverted from the measured return signals p(r). Therefore, a re-
lationship between 8 and a must be known or assumed. In practice this relation depends
on the nature, i.e. size distribution, refractive index and shape of the scattering par-
ticles (sae Ref. 3). If an exponential relation of the form

S(r) - Be.(r)k (4)

with B and k - const, is assumed, which includes the simple proportionality with k - 1,
Eq. (3) is known to have the following analytical solution:[ /k

[y(r) 
.r

2 ]

o(r) - 1 (5)Sl/k l/k

[y(ro).ro2 o 2j.r [Y(x).x2].dxI k jr°

a , the extinction coefficient at the reference range ro, usually chosen as close to the
ldar site as possible, is the reference or boundary value. It can be derived from the
lidar signal y(r) itself, If the system is calibrated, i.e. if the constant C is known,
and if the constants B and k in Eq. (4) are known. The expression (5) becomes unstable
with increasing optical depth because the denominator then becomes a small difference of
two increasingly large numbers. Even small measurement errors or errors in the choice of
a may then have a large influence on the calculated extinction coefficient o(r). Klett
(Ref. 1) avoided these instabilities by choosing the reference value at the remote end
rN instead of the close end ro of the range interval, thus inverting the lidar equation

the backward direction:
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1/k

a~r) - [y(r) -r2] 6.,.' I.
2]1/k 2l/

[y (r.).-r.] /am + ,[(X-2 d

In this equation the difference in the denominator of Eq. (5) is replaced by a sun, and
the instabilities are eliminated. Furthermore, in contrary to Eq. (5), the influence of
the boundary value upon the resulting a decreases with increasing optical depth, since
then the second term in the denominator of Eq. (6) becomes large compared to the first
one. Both Eqs. (5) and (6) are used here in a slightly different notation than in
Klett's paper. It becomes more simple in the frequently used case k - 1.
The remote extinction coefficient is generally more difficult to obtain than that at
close range. Especially is cannot be derived from the lidar signal itself. We have the
opportunity to use experimental extinction coefficients as boundary valueo, derived from
visibility data obtained at the mountain observatory. However, even with ideal errorless
reference values the solution still depends on the A-a relation. For example, Eq. (4) is
definitely not fulfilled in clear atmospheres where molecular scattering cannot be neg-
lected against aerosol scattering. For this case Klott (Ref. 2) published an extension
of his inversion algorithm. However, the exponent k in (4) must then be set to unity and
the constant B be known. The modified expression for the total extinction coefficient a
- oA + aX reads:

y(r) .r' .exp[1I(r)]

c(r) - - -(B/DA - l).(r) (7)

y (r.) - r., BA/B Am 2J.1 my(x) *x'.xp [INM(x)] I.dx
r

with BA ^A/aA, Bm - 3X/aj 3/8r and IM(r) - 2. (1/BA - l/BM) .JrfBM(x)dx

In this expression, besides that of BD, the knowledge of the meolecular scattering coef-
ficient ap (r) is additionally requireA. If the atmospheric density variations along the
lidar path are not too large, they can be calculated from a standard atmosphere or even,
as in our case, by linear interpolation between two known values at the ends of the
range interval (atm. pressure and temperature are recorded at both mites). For molecular
scattering becoming small compared to aerosol scattering, i.e. N - 0 and a0 0,
exP[IM(r)] becomes unity, the factor BA cancels out and Eq. (6) is recovered with I 1.
In addition to the external parameters just mentioned, some error sources may influence
the calculated extinction profiles. One of them are measurement errors. For example, the
first terms in the denominators of Eq.. (6) and (7) are equally influenced by errors in
the signal amplitudes at the reference range r., Y~m), and by errors in the referance
values a . Due to the geometric attenuation term ri in the lidar equation (2) or (3),
the ampl~tudes at the remote end of the interval may become small and the errors large
even with low extinction losses along ths lidar path. Finally the single scattering li-
dar equation (2) itself may become invalid if the the optical depth in sufficiently
large and multiple scattering no longer negligible. Due to the extreme mathematiual com-
plexity of multiple scattering, most authors neglect it even in cases where this is in
principle not allowed. Up to now we also uwed the expressions (6) and (7), based on the
single scattering lidar equation, up to optical depths of I and more. Erroneous extinc-
tion data can then no longer be excluded.

For these reasons comparative lider and tranmsmissometer measurements seem to be inter-
eating and desirable.

4. Neaeuroemts "4 results

Verification measurements for Klett's method are only meaningful if the aerosol is in-
homogeneously distributed along the lidar path. Under homogeneous conditions the evalua-
tion of the return signals is trivial, since the extinction coefficient can then be de-
rived from the slope of the logarithmic range-normalived profiles (slope method). Measu-
rements under homogeneous conditions, however, are vaeful for a check of the calibration
status of transmissometer and visibility metors. Inhomogeneous conditions occur especi-
ally in the winter half-year, when the top of the planetary boundary layer remains below
the level of our mountain observatory. The catabetic wind system frequently occurring
under fine weather conditions in mountain valleys which are open to the plains outside,
gives then rise to additional strong diurnal aerosol variations. During nighttime the
wind blows downhill and transports clear air from higher altitudes into the valley,
where the institute is located and which is in our case oriented approximately from SSW
to NmE. In the forenoon the wind direction usually reverses, and polluted air from the
industrialized region in the north outside the mountains is advected in a ground-based
layer with increasing vertical extent, until the wind reverses again in the evening and
a new cycle is started. Within the daytime aerosol layer frequently quite low visual
ranges, sometimes even fog, are observed.
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A measurement series during such atmospheric conditions was performed, for example, on
January 19 and 20, 1989. The diagram Fig. 2, shows the visual range measured at 730 m
ISL, during the 48-hour period from Jan. 19 to 20. Fig. 2 illustrates the course of
windepeed and wind direction during the same period. Both visual range and wind data are
measured at an unmanned station at 400 m distance from the transmismometor path. In the
early morning hours of Jan. 19 the visibility im still increasing due to advection of
clear air by the downhill blowing wind. With the wind reversal at about 7 AN the visibi-
lity begins to decreaoe until 5 P14, with an interruption between 10 and 12 AN, when tom-
porarily the wind was blowing again downhill. After 5 PM (17:00 CRT) the visibility in-
creases, again interrupted by a period with ground fog and very high extinction from 10
PH (22:00 CET) on January 19 and 7 AN on January 20. on this day the reversal of the
wind direction was obviously suppressed, as indicated in Fig. 2, by a superposed
southwesterly goostrophtcal foohn wind. So the near-ground air remained clear except a
few interruptions. The 1800 m station remained within the clear air above the boundary
layer throughout this period, and thus the visual ranges at this altitude remanaed
beyond the 40 km measuring range of the visibility meter.
The measured transmissivitios r are shown in Fig. 3. The transmirsometer was running
only during a part of the time period, but on order to make comparisons easier the same
time scale was chosen than in the previous diagrams. The data show in general a similar
behavior than the ground visual ranges, Fig. 1. Occasional differences, 0.g. the peak in
the visibility between 9%30 and 12:00 on Jan. 19 which does not show up in the r curve#
may be attributed to the spatial distance between tranamissometer path and location of
the visibility meter.
Lidar measurements were performed in the wavelengths 1064 and 532 nm. For this compari-
son, nowever, only the data in the wavelength 532 nm, which is close to the center of
the visible range, are considered. For laser safety reasons the lidar cannot be pointed
directly to the mountain observatory sitL. Therefore, an elevation angle of 11 instead
of a.1 degrees was chosen, and a slightly different azimuth angle. The laser beam thus
passed accessible terrain at legit in a distance of 300 m. The reference range for the
Klett inversion, r , was set, therefore, to 5.3 instead of 7.07 kw, resulting in an al-
titude equal to t~at of the observatory. The resulting horizuntal difference of both
points is 2 km, but it was reasonable to assume that the horizontal homogeniety of the
atmosphere was sufficient for neglecting any differences of the scattering coefficients.
since at least partially the molecular scattering could not be neglected against aerosol
scattering, the lidar returns were evaluated by the extended Klett method, Eq. (7), as-
suming B- 0.022. For comparison, however, the "standard" Klett formula, Eq. (6), was
also u8e2.
Since the visual range V at 1800 m HSL exceeded the 40 km measuring range of the nephe-
lometers, an oetimated value V - 100 km wan used. The example Fiq. 4 shows a ranqe-nor-
malized lidar return from Jaeuary 19, 17:42 CET. The near-ground aerosol layer with an
upper boundary at range 1.8 km (340 a above ground level) clearly shows up. The text
block at the left side of the diagram contains all important measurement and
housekeeping data. It is created automatically by the computer program except the last
line, which is a manually typed-in comment. The curves denoted by "sig" in Figs. 5 and 6
present profiles of the extinction coefficient, calculated from the signal Fig. 4 by the
extended and standard Klatt method, Eq. (7) and (6), respectively. The continuously
ascending "del" curves are the integrals of the extinction coefficients, i.e. the opti-
cal depths 6. In order to got 6 valites comparable to the tranomimsometer data, the cur-
ves must be extrapolated to range zero due the geometric compression of the lidar si-
gnals in the olose range, and multiplied by the path length correction factor 7.07/53 -
1,334.

All lidar returns from the period Jan. 19/20 were evaluated. However, they cannot be
presented completely in this paper (for the future a three-dimensional plot is planned).
only four extinction profiles calculated using Eq. (7) are shown in Figs. 7 to 10 to il-
lustrate the time behavior of jhe aerosol situation. The abscissae present the extinc-
tion coefficients in units kmin, the ordinates the altitudes above ground. Figs. 7 and
10 show the clear, nearly aerosol-free atmosphere before (Jan. 19, 11:42 CET) and after
(Jan. 20, O0:lO CST) the influx of the aerosol layer, Figs. 8 and 9 this layer at 11:57
and 18:03 CET on Jan. 19. The noise in the upper parts of some of the profiles is caused
by the skylight background during daytime. The measurements were done before the instal-.
lation of the averager, and thus only 16 mingle shots were averaged. In the meantime ty-
pically 200 shots can be averaged within 30 seconds, and a considerably better S/N ratio
obtained also during daytime.
The optical depths measured by tranammiasometer and lidar are presented in Fig. 11 for
the total period and in Figs. 12, 13 and 14 for three partial periods in a stretched
time scale. From the curves it becomes immediately clear that the standard Klett method
results throughout in too small V's. The optical depths calculated by Eq. (7) generally
agree much etter with the transmissometer data, but deviations are still observed in
some oaseo. The largest deviations occur during the fog period from 16 and 19 PH on Jan.
19 and are then certainly due to local aerosol inhomogeneities. In the other cases they
may be caused a) by wrong signal amplitudes at range r- due to noise, b) by erroneous
boundary values since estimated data are available, c) b-y errors in the choice of BA or
generally non-proportionality between B and cA, and finally d) by the neglection cf
multiple scattering. The n(,! i in the Z1 gnal amplitudes at the reference point has al-
ready been reduced by spatia averaging in addition to temporal averaging (averaging of
more shots? but the possibilities of spatial averaging are limited to about 20 data
vpoint maximum around r.. The influence of the boundary values upon the calculated 6os a
is too small (one of the benefits of Klett's method) for an explanation of the discre-
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Tancies. They can be removed, however, by a propoer choice of BA, for example BA - ,012
n tead of .022 in the mausurement at 18:27 CET on Jan. 19.

it is possible, finally, to "align" the extinction profiles obtained by Klett's standard
nethod by choosing a suitable exponent k different from unity. In our case, k - .6 would
give good results. However, this method is not justified physically, and looks, there-
fore, somewhat artificial.
The most severe error source, finally, is the influence of multiple scattering. It re-
suits in apparently reduced extinction coefficients and influences both transmismivity
and lidar backmeatter measurements. Since its mathematical treatment is extremel com-
plex, we neglected it in our computations so far, although this is not justified in
those cases were the optical depth a proaches values of one and more. An easily appli-
cable inversion algorithm for a mult plo scattering lidar equation does not exist yet,
but some authors, e.g. L. C. Bissonette from DRZV, Courcelette, Quibec, Canada, publi-
shed methods for calculation of backacatter signatures from given distributions of scat-
tering coefficients (Ref. 4). In the future we will calculate theoretical return signals
by Bissonette's TFMSCAT algorithm from the extinction profiles obtained using the single
scattering lidar equation and Klett's method. By comparison with the original measured
signals it should then be possible to estimate the error resulting from the neglection
of multiple scattering.
on March 30 and July 13, 1989, the aerosol was at times quite homogeneously distributed
along the slant path, especially in the afternoon and during the maximum vertical mixing
activity. Logarithmic range-corrected lidar returns were quite exactly linear, as shown
in the examples Figs. 15 and 16, and extinction confficients could be derived from them
by the slope method. Theme extinction data are correlated with those obtained by the
transmissometer in the diagram Fig. 17. The agreement is sufficient, especially no sy-
stematic deviation is observed. The calibration of the tranamissometer may be regarded,
therefore, as correct. On July 13 the visibility was within the range of the visibility
meter. The extinction coefficient derived from the lidar returns by the slope method
turned out be .64 smaller than that calculated from the measured visual range by Eq.
(1). Obviously the visibility meter is not calibrated correctly.

The diagrams Fig. 18 presents optical depths obtained during arosol conditions charac-
terized by comparably high extinction coefficients within the total altitude range co-
vered my the measuring path. The visual range thus remained within the range if the no-
phelometers also at 1R00 m MSL. The lidar data were evaluated by Klett's standard method
using the uncorrected extinction coefficients from 1800 m MbLL as reference values. The
diagram now clearly shows, in addition to some random errors, an average systematic de-
viation between the lidar and tranamissometer optical depths, the former being di-
stinctly larqer. The deviations are eliminated, if the corrected extinction cooffioients
are used as reference values (Fig. 19). The remaining random deviations may be attribu-
ted to the error sources mentioned above.
5. Preliminary conclusions
From the data available so far it may be concluded that sufficient agreement can be
expected between lidar- and transmissometer-derived optical depths in many oases, if
Klett's stable inversion method is applied using correct boundary extinction values at
the far end of the range interval and if the lidar returns itself from that point are
also sufficiently accurate. In other cases, however, discrepancies are observed which
may be attributed, besides to measurement errors and multiple scattering effects, to the
still variable parameter in Klett's inversion, namely the backscatter/extinction
function or ratio. Further measurements are required in order to find the best choice
for these parameters.
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Fig. 1: Visual range at 730 m MSL
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Fig. 13: Comparison of optical depths
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Fig. 19z Comparison of optical depths
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2. ST•I,,L
The results of the Klett Method are somewhat sensitive to the choice of the extinction
coefficient at the maximum range. This is particulary true for smaller optical depths
(1 1) where the Klett solution does not have sufficient range to converge to the correct
solution. How did you choose this extinction coefficient and how sensitive are your
results to this choice?

AU2WOR'IS RNPL
Generally, we calculate the extinction coefficient at the referonce ran;,e from the
measured visual range data at that point. In the particular case presented here, the
visual range at the mountain station was beyond the measuring range of the nephelometer
and was thus estimated to about 100 km. The sensitivity of the Klett extinction pro-
files to the choice of the boundary value is not sufficient in this came to explain the
deviationu observed in some cases.

a • ULORANT
How did you select values of p(180)/4r for aerosols?

AU•!OROB RDPLY
For the measurements presented here we have chosen p - p(180)/ 4 r(- P/o) equal to 0.022,
a value found in the literature. The P& values can ae used to bring the lidar-derived 6
values closer to the tranmissometer 6s. The best choice for #A should be found from
further measurements.
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STEcHNIQUE FOR SELECTING AN AEROSOL MODEL USEFUL FOR INFRARED ATMOSPHERIC
TRANSMITTANCE CALCUIATIONS

Herbert G. Hughes
Ocean and Atmospheric Sciences Division

Naval Ocean Systems Canter
San Diego. California 92152-5000

SUSQMARY

Vertical profiles of meteorological parameters are used with the LOPTRAN 61 atmospheric
transmittance/radiance computer code to model measurements of near horizon infrared radtances.
It is shown that calculations with the Navy Maritime Aerosol Model can exactly reproduce the
measured horizon pixel radiance using non-unique combinations of air mans factors and surface
visibilities. This feature is the result of the visibility scaling factor of the size distribu-
tion remaining nearly constant for any appropriate combination of the two factors, and the
relative insensitivity of the calculated extinction coefficients for the far infrared
wavelengths to the air mass factor term. Using measurements taken on two consecutive days
during low wind speed conditions, it is shown that any appropriate combination of the two fac-
tors will allow the calculated and measured radiances at other angles above the horizon to
differ less than 20. These agreements place confidence in using the selected aerosol model in
transmittance calculations for the far infrared wavelength bands over other propagation paths.

INTRODUCTION

In the ablence of mize distribution measurements, we must presently rely on the models in
the LOWTRAN 6 code to calculate the effects of aerosols on infrared (IR) atmospheric tranamit-
tances and background radiances using measured meteorological parameters as inputs. These
aerosol models were developed to be as representative as possible of different atmospheric con-
ditions. However, they cannot be expected to exactly reproduce the optical properties in a
given location at any specific time. A method is needed for selecting the input parameters so
that the model best represents a particular situation. Of particular interest to Navy applica-
tions, is the Navy Maritime Aerosol Model for ube in electro-optical systems performance
prediction codes. This model (see Appendix) is the sum of three log normal size distributions,
and, in addition to the surface wind speeds (current and 24-hour averaged) and relative
humidity, requires the input of sn air mass factor which identifies the origin of the aerosols
as either marine or continental which is allowed to ran&e between integer values of 1 for open
ocean conditions and 10 for coastal regions. Also, when an observed surface visibility is
available as an input, the model im adjusted so that the visibility calculated at a wavelength
of 0.55 pm is the same as the observed value, The accuracy to which this model can predict at-
mospheric transmission or radiance for a given yavelength band is sensitive to the selection of
the appropriate visibility and air mass factor . The air mass factor may be determined by
either the measurement of atmospheric radon or by an air mass trajectory analysis to determine
the time the air mass has been over land. The second option is extremely difficult, and re-
quires a large data set of synoptic flow patterns. Neither of these techniques are presently
available for shipboard use. Also, radiance contrast measurements between the sky background
and objects at known distances in the open ocean are rarely available, and visibilities inferred
from point scattering measurements onboard ship are most apt to be contaminated by ship of-
flounces. In this papur, a remote sensing technique is presented whereby an appropriate aerosol
size distribution model can be selected which is applicable to transmittance and radiance cal-
culations in the far infrared wavelength bands, 'n this method, nonunique combinations of the
air mass factor and visibility for different meteorological conditions are inferred from LOWTRAN
6 calculations which allow agreement with measurements of 8-12 jm horizon radiances,

NEASURENd.S

For this study, a Piper Navajo aircraft, equipped with Rosemcunt temperature and pressure
probes, and an EG&G dewpoint sensor, made vertical spiralo over the ocean to obtain the profile
of temperature, relative humidity and oressure which are required inputs to the LOWTIIAN 6 com-
puter code for calculating the sky radiances. The vertical profiles of temperature and relative
humidity, measured at 1430 PST on 9 November and 1424 FST 10 November 1908 off the coast of San
Diego, California, are shown in Figures 1 and 2, respectively, The current and 24 h averaged
wind speeds (V - 3.7 m/* and V - 2.1 m/s for 9 November, and V - 4.8 m/s and V - 2.8 m/1 for
10 November) measured on shore during both days were from a westeily direction. At the time the
meteorologlcal parameters ware obtained, measurements of IR (8 to 12 pm) horizon radiances were
also made with a calibrated thermal imaging system (ACA THENNOVISION, model 780) using a 2.95'
fi.eld of view lens, For these measurements the scanner was located at an elevation of 33 m on
the Point Loma peninsula in San Diego and was directed over the ocean in a southerly direction.
The response of the system is determined by placing a blaokbody of known temperature ( *O.1C
for temperatures <50"C) in front of the lens apertur., The digitized video signal transfer
function of the system then allows the blackbody temperature to be reproduced to within ±0.2"C
The data processing software of the AGA system also allows the thermal smene to be displayed on
a computer terminal in a format consisting of 128 pixels (O.U23"/pixel). The effective black-
body tempersture corresponding to each pixel can then be displayed on the screen by positioning
a cursor at the appropriate position.



31-2

CALCULATION OF BACICGROUND RADIANCE SCENES

These measurements can be modeled with LOVWlX 6 calculations to aid in selecting an ap-
propriate aerosol model for radiance calculations on each day, In theme calculations the
meteorological profiles were divided into 33 layers as allowed by LOWTRAM 6. The lower layers
of the profiles are also divided into aublayers containing the same amount of absorbing and
scattering materias and the temperature as th original layer. This artificial layering has
been found necessary to remove the anomalous dip which occurs when aerosols are innluded in
the LOWTRAN 6 radiance calculations for zenith angles close to 90'. As the AGA scanner could
not be accurately plumbed, the zenith angle of the infrared horizon (the pixel corresponding to
the maximum radiance) in each thermogram vas taken to be one-half of a pixel less than the angle
(8 - 90,177' on 9 November and 0 - 90.175" on 10 November) for which the LOWTRAN calculations
indicated the refracted ray path first struck the earth. Using these zenith angles with the
measured profiles of meteorological parameters, the visibility required to match the measured
horizon pixel radiance, for each integer value of air mass factor, must be determined by itera-
tion from several different L.OWTRAN calculations. The locus of points which alow the LOWTRAN
calculations to Icactly match the measured horizon pixel radiances (3.27 mW/cm er on 9 November
and 3.281 mW/cm sr on 10 November) with nonunique combinations of air mass factor and
visibility are shown in Figure 3 for the two days, This feature is the result of the visibility
scaling factor (see Appendix) of the s$.eo distribution remaining nearly constant for any ap-
propriate combination of the two factors, and the relative insensitivity of the calculated
extinction coefficients for the far infrared wavelengths to the air mass factor term (AN) as
shown in Figure 4. Any appropriate combination of the two factors will allow the radiances cal-
culated at other angles above the horizon to be nearly identical as seen in Figures 5 and 6.
Using widely different combinations of air mass factors and visibilities as shown in the
figures, the calculated end measured values for 9 November differ by loess than 2% over an eleva-
tion angle of approximately V". These radiance differences correspond to equivalent blackbody
temperature differences of leos than 0.7 'C near the elevation angles of 0.4" and 0,8'. On 10
November the calculated and measured radiances with elevation Are in excellent agreement below
0.8" elevation angle. Above that angle, the radiance differences amount to less than 0.5 'C in
equivalent blackbody temperature.

The variations in calculated transmittances (r) to the infrared horizons (Rh o 19.491 km
on 9 November and - 18.073 km on 10 November), corresponding to the zenith angles where the
refracted ray path rst hit the earth, are shown in Figure 7 for the different combinations of
air mass factor (AN) and required visibility. The resulting extinction coefficient (determined
from the relation a - (-lnv)/R. / are shown in Figure 8. both the calculated transmittances and
resulting extinction coeffis onts show little variation for the different combinations of air
mass factor and required visibility. These salculations are also summarized in Table 1. In the
table, Nc , Nm and V refer to the calculated and measured radiances, and required visibility,
respectively,

DISCUSSION

The results of this study have shown that in the absence of radon and visibility measure-
ments, appropriate combinations of these two inputs to the Navy Aerosol IHodel can be Lnferred
from LO•TRAN6 calculations using Ntandard maetrological Inputs to match meamured infrared

horizon pixel radiances. In a practical sense, sophisticated instruments with the temperature
resolution (0,1 'C) and instantaneous field-of-view (0.87 mr) similar to the AGA would have to
be mounted on stabilized platforms for shipboard use, Such inatrumentu are not presently avail-
able. However, horizon radiance measurements with hand-held instruments with wider fields-of-
view of V or better could possibly be matched by calculated radiances integraded over the
Instrument's field-of-view as demonstrated in Figures 5 and 6.

The approach here is limited Lo the far infrared wavelengths. For shorter wavelengths the
tranamittances and extinction coefficients calculated with the model will depend more ftrongly
on the air mass factor in the first component of the distribution, In earlier work , it was
demonstrated that an appropriate aerosol size distribution could be selected which is applicable
to transmittance and radiance calculations in both the visible and IR wavelength bands by in-
cluding calculationa which also matched the visible atmospheric optical depths determined from
satellite detected upwelling solar radiances. This approach, however, is limited to cloud-free
sky conditions during the daytime and requires a favorable position of the satellite to avoid
sun glint from the ocean, An alternative approach is to incorporate a visible or near-infrared
LIDAI system with the infrared measurements and model the backscattered power as a function of
roage.
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APPENDIX: DESCRIPTION OF THE LOWYRAN 6 NAVY MARITIME AEROSOL MODEL

The particle size distribution model (at radium r) is the sum of throe log-normal distribu-
tion. given by

32 -3 -1
n(r) - Z Aiexp[-(ln r)] (cm- 'm-), (1)

i-1 fri

where

Al - 2000(AM)2, (2)

A 5.866(V - 2.2), (3)

(O.06V, - 2.8)
A3 10 (4)

Component A1 represents the contribution by continental aerosols. AM is an air mass parameter
that is allowed to range between integer values of 1 for open ocean and 10 for coastal areas and
is given by

AN - INT(Rn/4) . 1, (5)

where Rn is the measured atmospheric radon content expressed in pCi/m . In the abmence of radon
measurements, the air mass factor can be related to the elapsed time, T(days) for the air mass
to reach the point of observation:

AM INT(9exp(-T/4)] + 1 (6)

Components A2 and A 3 represent, equflibrius sea spray particles generated by the surface wind
speed averaged over 24 h (V. in ma/) and the current surface wind speed (V , in m/s), respcr-
tively. (It mhould be noted that the'current wind speed component is different from the value
published in LOWTRAN 6. This modification was found to be necessary in order to match pre4
viously published measurements of IR.'sky radiances and near surface aerosol size distributions
using the model).. In Equation (1), ri, the modal radius for each component referenced to a
relative humidity of 801 (r - 0 03 pm r• - 0.24 q and r3' - 2.0 pm) is allowed to grow
with relative humidity (RH) acclrding. to t m hitzgerald formula:

f - f(2 - RH/IO0)/6(l - RHII/O0)1/ 3, (7)

The contribution to the total extLrntion or absorption by each component can then be written as

a ~ (SF)ICi f Q~ rmv -(t 2 jr2 d)(8)e,a t ) ea(Am)exp-(l_)2ir dr(
r frl

where C '-(0. O0l/f)Ai. The factor f -I in the expression for C ensures a constant total nuaber
of parti cles as the relative humidity increases. Q (,a(,r,m) il the crmss section for either

the extinction or absorption normalized to the geometrical cross section of the spherical par-
ticle, and m is the complex refractive index, which Js allowed to change from that of dry sea
malt as the particle deliquesces with increasing humidity. LOVTRAN 6 provides precalculated
values in tabular form of the parameter a (A )/C at discrete wavelengths for four relative
humidities (50%. 850, 90t and 99%), from *Aicd thk average extinction for a specific wavelength
band and relative humidity can be readily determined by interpolation. When an observed surface
visibility (VIS ) is available an an input to the model, the amplitudes of the thzee compoaents
are adjusted by I scaling factor (SF) so that the cale' lted aerosol extinction coefficient, o
at a wavelength of 0.55 pAm is the same as the observed extinction, v0, determined from tfe
relationship

VIs = 912. (9)
a + a

o r

where a is the Rayleigh contribtition to extinction at 0.55pm.
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Figure 1. Profiles of air temperature measured with altitude on 9 and 10 November 1988 off the
coast of San Diego, California.
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Figure 2. Profiles of relative humidity measured with altitude on 9 and 10 November 1988 off
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Vr NC
AM (km) SF (mW/cm 2 sr) T (km- 1)

9 Nov 1988 2 41.3 6.71 3.270 0.023 0.194

Nm = 3,270 mW/cm 2 sr 3 22.5 6.75 3.270 0.022 0.195

Rhor = 19.491 km 4 13.8 6.74 3.270 0.021 0,198

5 9.1 6,82 3.270 0,020 0.200

6 6,4 6.89 3.270 0.019 0.200

8 3.56 7.14 3.270 0.016 0.210

10 Nov 1988 2 45.8 4.16 3.281 0.037 0.183

Nm = 3.281 mW/cm 2 sr 3 29.6 4.18 3.281 0.036 0.183

Rhor = 18.073 km 4 19.8 4.19 3.281 0.036 0.185

5 13.1 4.22 3.281 0.035 0.186

6 10.1 4.22 3.281 0.033 0.188

8 5.9 4.31 3.281 0.030 0.193

Table 1. SuNATry of LOWTRAN 6 calculations of scaling factors, horizon pixel radiances, trans-
mittances and extinction coefficients using different combinations of air mauss
factors and required surface visibilities,

DZSOUIM ZOI

3I. UUIWTJ

Some of your measurements of radiance as a function of elevation angle, showed alternat-
ing increases and decreases in the radiance. Can you explain these?

hur!UOR, RIPLY
I can't give a definite answer. It say be related to low-level aerosols entrained by

the inversion.
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Radar Scatterometry and Polarlimetry at 220 GHz

Robert E. McIntosh, Professor and James B. Mead, Research Assistaunt
University of Massachusetts

Microwave Remote Sensing Laboratory
Amherst, MA 01003, U.S.A.

Tel.: 413/545-0779; FAX: 411/545 0724

Summary

The University of Massachusetts has developed two high-power portablio radars operating in the 220)
Glft absorption window. The first, an incoherent 215 GIlz scatteromneter has beeni used for reflvct~ivil~y
measurements of foliage, fallen snow, clouds and fog between ranges ofJ. and 2 km., We have alfio (l(v4'lopedl
an incjhterent 225 GIN polarimetric radar capable of fully characterixing the Stokes scatterling ijinrix
of distributed targets. Both radars employ an Extended Interaction (Klystron) Oscillator (E10) ;1.4 the

transmitting source, These tubes produce a 60 W pulse of 50-600 ns duration and operate at a frnaxinIumII
duty cycle of .0015. hligh efficiency Schottky barrier diode mixers are attached dIirectly to the feed hornii or
the receiver antennas to minimize loaa. This paper will summarize ousr work at 215 Gusz, Including as reviow
of the hardware and measurements of clouds and fog. The 226 (,fi polarimeter will be dinco~tsed in greiiter
depth, including a review of the theory of polariinetry, a description of the hardware. and a novel calibrat~ionm
technique requiring only a single in- scene reflector. Preliminary polarimetric mevasurviments of it dlllndrll
reflector and foliage are presented and discussed.

AtI5 6'I1z System Description

A block diagram of the 215 Glsz radar system Is given in Figure 1. Table I sumxmmarlzen the inniortmint.
parameters for estimating overall systemn performance. The transmitter employs a Varlan VKY2421tM I K10l(
capable of producing 60 W pulses at a duty cycle up to 0.005. The modulator consist" of an Interntal l'ulsi'
Iltpetltion Frequency (1111F) generator. a Field Effect Transibtor (FET) switch, and a high voltage Lriode
Mwitch. The triode acts as a hard-tube modulator that is capable of providing the high peak currents& to,
rapidly charge the E10 stray capacitance, while providing a flat pulse to minlimize E10 frequency d rift. Thew
receiver front end employs a single ended Schottky diode mixer driven by a 71.2 G111Z Itil' (hnium diode local
os~cillator thrmough a frequency tripler. An automatic frequency control (AF(,) loop operating bet~ween 1.2
and 1.6 Gliz down converts the signal to 160 Mhiz, where a logarithmItnc amplifier is usedl prior to dovL,','Iioni,
Separate 6 -inch Gaussian optics lens antennas with scalar feed horns are used Ln achieve highi isolatioin
(,> 100 dill) between transmitter and receiver. A dual antenna schemke was chosen ndue to Imnvillcienney of
circulators and transmIt/recelve switches at this wavelength.

IF BUT-~ LUGAIMe

VID&J eETCTUR 5Z500 Mliz AW4

SAl*LLD 1.A G9 OUT

11.4 W~z MI4XER

L .J J ATEDINA

TRlICiGE 1co 'X

ISULATU*4

*54 V +/-150 V +1. xiv -IR.5 cv

I-rm - TRIUb. F1 fi' TRANSMITTER
SWITC Put.SzESWTC IO ANTE~NNA

4 0,141cEs SYNC

* rFigure 1. 215 UOll radar block diagrami.
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Range Capabdiiy

An approximate model for equivalent reflectivity factor, Z., of clouds and Fog has been comput,'d us-ing
Mie scattering theory and an appropriate particle distribution model. Using Deirinendjian's distribt.itInis
severa! cloud types have been modeled at 215 GHz [1I. Values for dll(Z,) are given in Table 2, along with
extinction coefficient, K,, for several cloud varieties and fog. Atmospheric loss due to water vapor, L,,- is
typically 2 to 6 dB/km. Total atmospheric attenuation, L., can be approximated by K4 + L[,.

The radar range equation may be solved for Z, using the parameters riven and assuming 10 dli of
integration gain (100 samples). Solving for the minimum Ze as a function of rsngo yields

dB(Z,)_j, = 201OgR + (L.)R/500- 80.2 (I)

where Z. is the effective reflectivity factor in mmO/m 3 , R is range in meters and L, is atmnosphoric
attenuation in dB.km. Figure 2 plots minimum dB(Z.) versus range for two atmospheric loss conditions.

Table 1. Characteristics of UMass 214 GHs
wavelength radar system.

Transmitter

Center Frequency 215 GIls Nominal
Pe•k Output Power 60 W
Pulsewidth 100-500 nsec
PRF- 700 Itz-20 Kils
Tuning Bandwidth 300 MHz Table 2. dB(Zc) and K, for Various Cloud Varieties and Fog
Max Duty Cycle .005

Antenna Cloud Type dB'(Z.) K• (db-kni)

Stratocumulus -8 2.8

3 dB beamwidth 0.64 deg Fog Layer -14 1.6

Cain 48 di) Low-Lying Stratus -16 2.6
Cumulus Congestus +14 22.5

Receiver

Noise Figure 10 dB DSB
1st IF 1.4 GHz
2nd IF 160 MHz
Bandwidth Variable, 5-40 MHz
Dynamic Range 70 dB

420-
10.0 dO/kin

+10/
/ 1.0 dB/krn

c
E -10

4)
N -20
m
I -30

-40

-50

.03 .1 .3 1 3 10 30

RANGE IN KM

Figure 2. Minimum detectable reflectivity versus range for two atmospheric leo conditions.



Measurements of fox and clouds show good agreement with predicted performance. Near horizontal
measurements of fog with vivib~lity varying between 300 and 800 meters were made ever a period of one
hour. A range vs. time di~agrm of fog reflectivity is showti In figure 3. Figure 4 is a map of stratoctamuhiig
reflectivity versus altitude over a period of 20 minutes. Significant backscatter was measured down to grouind
level, Indicating the presence of small nuimbers of non-precipitating hydrometeord far below the n1,parent
cloud base.

In addition to atmospheric measurements, we have made extensive radar cross section measurrienuii
of foliage and fallen snow. Measurements of foliage were made during the 1987 growing season [21, which
indicated that the largest contribution to or* was due to scattering from Lthe leaves and that coniferous trees
were more depolarising than deciduous ",reee.

Figure 3. Range-time diagram of fog reflectivity for near horizontal path.

1325 GHz Polarimeier

Pelarityetric radar@ capable of fully chara~cterizing the polarization transiformration mnatrix of a targel.
can provide significantly more Insight Into scattering mechanism thtan ordinary s~ingle polarization rndar~..
Microwave measurenients of the monoetatic target scattering matrix are typically mnade by alternately
transmitting two orthiogonally-polarizedi waves and measuring the phase andl magnitude of the response with
orthogonal ly-polar ized receiver channels. Such coherent measurement techniques are capable of rapidly
characterizing the Instantaneous complex scattering matrix of a target. lierent meamurements it-iing a
polarimetric synthetic aperture radar (SAR) (31 have proven effective in classifying target iioninog.viviy,
kscattering mechanisms, and In determining optimal polarisations.

The design, construction and system evalusition of a portable, incoherenw 225 (Ulzl polarirrietric rmad~r
capable of measuring the average Stokes scattering matrix of natural and aman-made targets i.s dlemcribod
below, The transmitter employs an EJO which produces a 60 W output puilse of 50 600 im duration.
The measurement of the average Stokes matrix, which characterizes the mean polarization transmformrat ion
behavior of a target, in achieved by transmitting waves having vertical, horizontal, .45 linear, right, hand(
circular po~arlzatioan, and simultaneously receiving both the vertical and horixontal componentr4 of the
scattered wave simultaneously. A brief review of time theory of polarimetry i,, presented next in order to
clarify th! hoxcdware requirements.

Principles of Incoherent Polorimetrij

The qu Imasi-mptan taneouma polarization mt~ate of a TENwave traveling in the f Z direction crin be do-
scribed in terms of the ellipem. traced out by tiae electric field vector as measured at Z -.- 73(, an shmown in
Figure 5. The ellipse parameters, .0 and r completely specify Owe polarizationL tAte of the wave and art,
expressed In terms af. electrkc fleld quantities by
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Figure 4. Range t.me diagram of stratocumulus reflectivity for vertically pointed
radar.
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Figure 5. Polarization ellipse parameters • (orientation) and r (ellipticity).

I I (31VI JHIsIn6)8r 2 Sin- (2)
2 \ I1Vl 2 IHI2,

= ta (3)

where lVi and iHI represent the magnitude of the electric field In the vertical and horizontal planes resper-
tively, and 6 is the phase difference between the vertical and hoilzontal fields. For this treatment, r > 0
represents right-hand sense waves where the right hand rule lo applied to the rotating field vector at Z Z,
with the thumb In the direction of propagation. A recelvejs capable of inea~uring lVi, IHI and 6 6i nulhiti"nt
to measure the polarization state of an incoming wave. A more general description of wave polarial,tion,
one which may account for partially polarized waves, is given by the Stoke. vector g whereS. ... . , ..
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go - IHI2 + IVI2  (4)

1 = IH I
2  

- IV 1
2

92 - 21VIlHIcoo6

g3 = 21VIIHI sln6

The scattering behavior of an arbitrary distributed target or point target may be characterized in Ivrrný
of the average Stokes matrix (Mueller matrix), M. The power received by an antenna whose polarizat imn
state is given by Sc from a target with Stokes matrix M illumninated by a transmit antenna with Stokes
vector gi, is given by

Prtc = kgrc'Mgtr (5)

where k is a lumped constant representing all propagation factors.
The average Stokes matrix may be meaeured by illuminating a target with vertical, horizontal, 4,5

degree linear, and right hard circular polarization. The Stokes vectors for these polarizations are

gu= gh 9 45 (6)lC:"[01 h 101 1 RC 0
Suppose a receiver is capable of measuring the instantaneous Stokes vector, ri - (rni; rit; r2i; r:t•) of r
incoming wave corresponding to transmit polarization i. Using the transmit Stokes vectors from Esquation
(6), a set of equations may be written which relates the elements of the Stokes scattering niatrix, M, to hi,
measured values of r,

r ol r 02 r U3  r [1  0 0[ A I M 02  M 0 3 M 04  1 1 1 0
rl r2 r13 r14 = 1 0 0 M11 M12  M13  M14  1 11 (7)
r2, r22 r23 J'24| 0 0 1 0 AM1 MU22 M 23 M 24  0 0
r31  r32 ra3  r 34J Lo 0 0 1 MA3 1  MA3 2 M3•i M,34 J ( 0 0 01

which may be solved for M.

215 GIIz Polarimeter System Description

The 225 GHz polarimeter consists of a multiple polarization transmitter, a dual polarization recviver,
a Polarimetric RAdar Control and Data Acquisition (PRACDA) subsystem, and a data logging comnputer.
Much of the transmitter circuitry, including the modulator, driver and pulse generator were built at the
Georgia Tech Research Institute 141. The transmitter is functionally equivalent to the 215 Gllz transmiltter
shown in Figure 1, except the modulator incorporates a tailbiter circuit to reduce power supply loading.
The transmitter employs a Gaussian Optics Lens Antenna with two quarter -wave plates mounted bhtwevn
the feed and the lens that can be independently rotated to control the polarization state, The quarter wave
plates are rotated by a chain drive system powered by stepper motors and controlled by PRACI)A in order
to automate the measurement process.

Figure 6 is a block diagram of the receiver showing its major functional components, The antenna,
mixers, local oscillator and phase-lock circuitry were provided as an integrated mubsystem by Millitech
Corporation. The dual polarisation antenna uses a six inch diameter TFPXtn lens with f/d 1. TI.ll(,
incoming field is separated Into vertical and horizontal polarization (V and H1) using a linear array of 0.001
inch diameter wires spaced at 300 wires per inch. Scalar feed horns are attached directly to the input of
the harmonic mixers to minimize losses. The second harmonic mixers are pumped with an LO of 112.717
GHz at a power level of approximately 10 mW. The overall double sideband noise figure of the receiver wa.s
measured radloinetrically to be 11.0 dB.

LO<Z IH l LOm'G~l
G I HIOH-CHA4EL

1- 0 1COM"€ANT4--- /

DETECTOR HANUOON C

Figure 6. 225 OHs poharrimetrlc receiver block diagraM. • • /,!{
IP



The receiver IF consists of separate magnitude and phase detection channels. The magnitudr of V
and H are sampled independently by log detectors having a dynamic range of 70 dB. The relative phase
between V and H Is measured by an In-phase and Quadrature (I-Q) detector which is preceded by malchod
constant phase limiters that provide a constant 10 dBm output over more than 65 dB dynamic range. Table
3 summarizes the salient features of the 225 GCIz polailmeter.

Table 3 Specifications for 225 Cliz Polarimetric Radar

Transmitter

Center Frequency 225.63 GHz
Output Power, Peak 60 W
Duty Cycle, Maximum .005
PRF, Maximum 20 KIz
Pulse Width 50-500 ns

SSB Noise Figure 15 dB
Fir 194.8 Mlhz
IF Bandwidth Up to 50 MHz
Outputs log IVI, log I HI, Ire:, Qrel
Dynamic Range 70 dB

Receiver Dual Polarization, 11 and V
Channels, .61* Beamwidth

Transmitter Multiple Polarization, Manually
Switchable, .61' Beamwidth

The control and data acquisition system, PRACDA, consists of six 20 MHz, 8 bit A/I) converters, a
150 bit status register that stores the various radar states, and circuitry to interface with the data loggiig
computer. The status registers are used to control the radar's PRF, number and positiou of the range
gates, and the transmitter polarization. The maximum data rate is limited by the computer interfiirm' Qn
120 Kbytes-sec-1. This constrains the PRF range gate product to 30,000.

Calibration

Calibration of an incoherent polarimeter has been described previously by Wood [15. Wood's procedure
involves using four in scene reflectors, three of which scatter waves having known polarization and the fourth
being an odd-bounce reflector, such as a trihedral corner reflector. Fixed errors are removed from the receiver
so it may accurately measure the polarization state of an incoming wave, and then the calibratel receiver is
used to measure the state of the four transmitted polarizations used is making Stokes matrix measurements.
An alternative technique which is equivalent to Wood's procedure requires placing a polarizing grid in front
of the receiver antenna which can be rotated to three different positions. This modification has several
advantages. Firstly, only a single odd bounce reflector is required, and secondly, it eliminates the errors
which arise from clutter in the return signal from an In-scene polarized target.

Preli•inary Meaisurements

Measuremeints of foliage, terrain, rain as well ar, vnrhlomu artificial iargm"4 wrrr. ,nrried otl (rhirig Il,,
summer of 1989. Measurementa of a vertically oriented dihedral corner reflector made at a range of 200
meters are presented in Figure 7, as a function of the orientation angle, , amnd ellipticity angle, r, of tae
transmitter polarization. For the co-polarized signature, the -eceiver antenna Is assu4 mld o have the sanne
polarize.tlon state as the transmitter, while the receiver and transmitter polarizations are orthogonal in the
cross-polarited signature. The minima/maxima in the co-/eross-polarized signatures at 0 " 45' and 1:15",
r = 00 are characteristic of this type of target 161. Co-polarized signatures for a deciduous tree (Easternm
Cottonwood) iad a conifer (White Pine) are compared in Figures 8a-b. The pedestal at r -- -1:45" if it
measure of the degree of depolarisation (randomness) in the scattered wave. Our data indicates that the
height of the pedestal at r = -45' de:reases with Incressipg leaf/needle size, The greater depolarization
displayed by the White Pine Is shown more dramatically In Figures 8c-d where a histogram of the receive
polarlsation state 4, and r Is plotted for vertical transmit polarization, The power-weighted stanudalrd
deviation of 4' and r are given In Table 4.

Table 4. Standard deviations of the received polarization ellipse angles 4, and r for
vertical transmit polarization.

Cottonwood 11.30 9.20

White Pine 22.8' 14.0",



D1HEDRRL CO-POLnRIZED DIHED3RRL CROSS-POLARIZED

(a) (b)

Figure 7. Co- and crowi-polarized polarization signaturem for a dihledral corner
reflector.

COTTONWOOD CO-POLRRIZED COTTONWOOD V TX HISTOGRAM

(a) (c)

WHITE PINE CO-POLAIRIZED WHITE PINE V TX HISTOGRRM

(b) (d)

Figure S. Co-polarIxed signatures for a) fla,-tern Cottonwood and b) White Vine. Scaitter plot of recelved pol
state ior c) ) wterii Cottonwood and di) White I'iew with verticutl transmint iolakrization.
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MILLIMETER-WAVE BISTATIC SCATTERING BY
TERRAIN

Fawwaz T. Ulaby
Department of Electrical Engineering and Computer Science

The University of Michigan
Ann Arbor, Ml 48109-2122

SUMMARY

(NU) Interference caused by bistatic and forward scattering by terrain call often lead to
degradation in performance for electromagnetic sensors and comnmuntications systems. This
paper describes the results of a study conducted to evaluate the directional distribution of
bistatic scrttering from terrain surfaces at 35 OlIs. A calibrated radar system was used In
a bistztic mode to measure the scattering fromt a variety of smooth and rough surfaces and
front standing trees for all four linear polarization conibinations lIIII, IIV, VII, and VV. Thle
meaburements were made as a function of the azimuth and elevation angles of the receive
antenna direction for fixed directions of the transmit antenna.

(NU) The scatering data for trees were used to develop a new model for the phase matrix
of foliage which call then be iesed lin conjunction with transport theory to compute bistatic
scattering by forest canopies for any incident and scattered directions. This approach was
found to give excellent agreement with backscatter measurements condlucted at 35 61-1, 94
G0Hz, and 140 OGls,

I INTRODUCTION

(NU) Over the past few years, converted efforts have been devoted by several organi-
zations lin the U.S.A. and Europe to acquire millimeter- wave backecatter data of~terrain,
ilistatic data, onl thre other hand, is almost nonexistent. The only bistatic data of [lote
were measured lin the late 1960's at 1.15 0HIz [1] and in the mid-lOGO's at 10 Ol~z ['2]. The
scarcity of birtatlc data is due, lin part, to thme fact tlma. bistatic radar mneasurvlements are
more difficult to make than nionostatic mneasurezmrents, amid this is especially terue at nmihlirne-
ter wavelengths. lirderstanding the nature of bistatic scattering by terrain is imiportant,
however, for two irrajor airplicatloriu: (.) interference caused by histatic, amnd particularly
forward, scattering can often lead to degredation lIn performance for electromragnretic 4enrsors
and communuicationr systems, and (2) blstatic scatterinrg lin vegetation wedia plays a critical
role lin modeling amid understanding the brvckscatter fromnt vegetation caaioilet;, particularly
at nillhimeter wavelengths, because the backscatter is strongly influenced by multiple scat-
tering In the vegetation volume.

(N U) This paper documents the results of anl experimental investigation conducted to
examine the bistatic scattering behavior of trees amid smrootih and rough gron rol murrfaces, all
made at :15 Ourz. The scattering data for trees were then used to deve~lopit new miodel for
the phase matrix of foliage, which was used lin conmjunrction with radiative transfer theoty
to develop a general bistatic scattering model for foliage. Model revults are computed with
backircatter data measured at 35, 94, arnd 140 0z

11 MEASUREMENT SYSTEM

(NU) Tile diata reported in thit paper were acquired by the University of Michigan's
nnilllmeter-wave polarinieter (MMI'), which operates at M5, 94, and 140 GlIz [3]. Anl addi-
tional channiel was recently added at 215 G0hz. Thle system operates lin a backscatter niode
from a 20-zn high truck mounted platfornm, and call be arranged to operate lin a bistatic
mode lin laboratory- or laboratory-like conditions. The bistatic data were acquired by the
35-GHz channel of thre MMI' (Figi1). The MMI' Intludes a swept- frequentcy source driven
by a lIP 8510A vector network analyzer, It sweeps lin frequency from 2 to 4 GINs. The
signal is sent to the transmitter section and is upconivtrted to 34-36 Gll~. using a mixer and
fixed-frequency Guvimi source operating at 32 G0hz. The RF signal Is transmitted by at lmis-
corrected horn antenna with at beamnwldth of 4.2'. Thle transmnitter section also contaln'r
a fixed-frequency source operating at 10.7 0hiz. Part of the swept 34-36 0h~z transmitted
bignal is sampled by a directionlad (tuipler and thnn nmixed with the third harmonic Of the

10.7 Gllz using a harmonic down-converter to produce a 2-4 Ourz swept frequency signal

for the reference port of the lIII 8511IA frequency converter (port a, lin Figi1). Thle receiver

10.7-Olis signal transmiltted from the transmitter section to the receiver section throughseto coasso nte nen n nte amncdwcnetr ael ftr
10-in-long low-loss coaxial cable serves us tire local oscillator signal at the receiver. Thtus,



all cables connecting tile transmitter section and the receiver section with tile lHP 8510A
(and associated peripherals) carry 2-4 Gliz signals and the cable connecting thle transmit-
ter to the receiver carries a t0.7-Gllz signal. This dlesign arrangement [fakes it possible
to operate the radar systern in a bistatic mode while maintaining p~hase coherence between
the transmitted andl received signals. A summary of the system characteristics in given lin
Table 1.

III 13ISTATIC SCATTERING FOR SAND AND GRAVEL

(NU) The arrangement used for making mneasurements of the bistatic scattering coef-
ficient of sand aiid gravel surfaces is illustrated lin Fig.2; the incidence angle 9i is between
tile surface normal and thle boresight direction of Lthe transmnit antenna, a similar definition
applfies to tile Scattering angle 0,, and Ltt-e ar~imnntl angle 0 is dlefined as the azimkuth angle
of Lihe boresiglit direction of thle receive anmtenna. The A 0 direction (x-axis) is chosen
to coincidle with Lthe az~imuth direction of thle transmit antennma. When using narrow-beam
transimit and receive antennas, it is difficult to achieve perfect overlap of their footprints
onl the target surface. To avoid mneasuremment inaccuracies that may be caused by imprecise
pointing of the transmit and recvive antennas, a broad- beam antennsa was used for recep-
tion and a miarrow- beami antenna was used for transmission. The transmit antenna had a
beaniwidth of '1.20, comspared to 1,5O for the beam of the receive antenna. Thus, thc power
arriving at thle receive antenna is essentially the result of scattering by the area iluminated
by the tranlsilit Antenna.

(NU) Thle bistatic scattering measurements were comprised of two major experiments.
lIn thle first experiment, both 0, and 0. were maintained constant at 66" and tile azimluth
anigle 0b was varied froin 10" to 1800. At a nomndal range of 3.2 mn between the target and
the transmit and receive antennas, thke area ilunminat".d by the transmnit antenna was an
ellipse with minor and major axes of 24 and 50 cmn, respectively. Thle target material (sanld
or gravel) was placed lit a "sandbox" at time center ofa circle approximately 53 in in diameter.
The sandlbox, whose surface bad dlimaensions of 1.2 in x 1.2 lii, was mnuch larger lit surface
area than the footprint of the transmit antenna, The Iloor area surrounding the sandbox
wa~s covered with absorbing material.

(NIl) The purpose of thei second expmerimoent was to extend the results of the first ex-
peinrienst by examnininig the variation of the bistatic scattering coefficient a(,0, )as a
flmnctionl of both 0. and 0 , for a fixed value of 0., namely 60'.

3.1 Calibration

(N U) The radax equation of tile bistatle scattering cuse is given by

where Am lI thme transmittoid power; Gu is maLxmimiuni galin of tIme(transmiiit orreceive,) antennia;
#(8) is tile normalized radiation patterni; H Is time range to the target; Lthe subscripts tand r
stand for transnmit and receive, respectively; 0 Isi tihe antenna angle relative to the boresight
dhirectionl; and dA is anl element of area. Assuming a' is apmproxinmately constant over the
angul tc range of Lthe traununmt antenna beamwldthm, the preceding equation inay hie rewritten
as

1,=jLE 2Ae"I (2)

'N 'acre

1 O (0)' qjr (Oc)dA (3)

Is the IllumninatIon integral, which in readily computable fromt knowledge of the antennas'
radiatiosn paxterns and the inmeiiuremsent geometry. Because thle beanmwldth of the tramits-
mit antenna. Is much smaller than that of the receive antenna, the illumination Integral Is
governed primarily by gm(

6j).

(NU) The system was calibrated by measuring the power received with thme transmit
and receive antennse pointing at each other along their horesight directions. Thill provIdesi
the reference level To given by

10 PI Gto G'o (4)

5.



where Rt if; the distance between the two antennas. Combining (4) with (2) provides the
expression

-- = R" 2 Pa(5)

3.2 Target Characteristics

(NU) The targets examined in this investigation included two sand surfarcýo & coarse
gravel surface. The first sand surface was prepared to be flat and smooth ar,d the second one
was artificially roughened to generatc a ranidomly distributed, slightly roi~gh surface. Blased
on measurements of two traasects of the surface height iprofile, Lthe fins height is estimated
to be smaller than 0.1 ciii for the smocoth surface and about 1.67 cm fir the slightly rough
3urface. The latter sitrfac-e consisted of smooicth undulations with no significant small scale
structure; the unidulations looked like randomly oriented plane facets approximately 10 cm,
lir diameter. The gravel consisted of stones that had relatively smiooth surfaces and ranged
in size from 1-2 cmn in diameter.

(NIJ) The depth of the miateria p' %ced in the wooden box was selected such that it
was equal to twice the peiietration depths 6p. The complex dielectric constant of the sand
material was oieaauredl at 10 GHz as e = 2.5 - jO.03. The sand was totally dry. Hence, its
(at 35 GIN is not expected to be different from its value at 10 Gliz. This leads to 6, = 7.5

cm at 35 GINz. The sandbox was filled with sand to a depth of 15 cm, or two penetration
depths. 'rhe two-way attenuation for a depth equal to 2 hv is 17 dIli. Titus, contributions fromn

depths greetc-r thati 15 cmn may be neglected. This conclusion was verified experimentally
by measuring the received power front the sand layer wn a fuinctione of layer thickness.

3.3 ilistatic Scatternisg F'oaui Sinooth Sand

(NUl) The first question that needed to he addressed wati: 'flow close to a specular
surface is a visually smocothi sand surface at 35 GlIN?" The scattering function for a spec.
ular surface is a delta function; for a given Incidence angle 9,, power is reflected only inl
the direction corresponding to 6. %= d and 4. = 180*, Moreover, the reflected signal it;
totally cohierenit in nature. As the surface departs fromt perfectly smooth, the mnagnitude of
the coherent scatte ri ng comnploneint niecreases anid inacohlerenit sc atterinig becomeas present inn
adlditiou.

(N U) To answer tie( queiition we posed abnove, we fi rst volnplited fihe Fresinel reflectivity
I' for sand (with t 2.5 -- jO.03) as a function of thme Incidenace angle 9i for both If ;1nd V

polarizations. We wanted to chose di such that the ratio l(9/'()Is large so it would
be easy to mueasure, and yet we did iiot want i9, to be too large because that would make
the pomintinig geomietry difficult to arrange. In our first experimment we chose Oi = W11; at
this angle, I'rtO)= 0.27 (or -5.7 (ill) rv(oG*) = 0.014 (or -18.5 d113) and thle ratio rr,./rv

=19.3 (or 12.8 dl])ý

(111) With 9i 660, the. received power was measured along the specular direction first
for the inmooth saiid surface and then for a p~erfectly conducting flat plate placed onl top) of
the sand surface. The signal reflected from the sand surface was lower thon that r'hlected
from thee metal inlate by 0.4 dli for 11 polarization and by 18.4 dlB for V/ polarization. Titus,
the iniasured rellectivity ['U Aed rv of the smioothi sandl surface are respectively omnly 0.7
and 0.1 dBi lower Ink level than their theoretical counterp~arts fot a specular surface, lit other
words, a "visually" smooth sand surface 1s also electromiagnuetically siunoothi with regard to
reflection along Ltie sp~ecular dirctionm at 35 GlIN.

(N U) Fig. ;I shows mea.4ured values of the bistatle scattexing coefficieant or'(Oi, P.,4)
plotted as a function of 4. for Oi =. 0, =60' Thes plots cover thme range froint 100 to
350*, although the actual measurements covered only the range from 10' to 180* aiid thle
remininmlmg part Is a weirror imiage.. We observe that lit the specilar direction, alp Is larger
thane a* by 12 dBi, but outside the inaliu lobe regiot, eaV tends to be slightly larger than

(NU) Imi our second experiment, we fixed 6i at (f0* and ieamie~red nr'(8j,8.,tfi) as a
function of 4. for 9. = 9, (i.e., essentially replicating the preevious exinerimmnitnt) and as a
functiomn of 9, at each of two values of 4., namely 180" and 270". Also, the measurements
Included observations with 1kV polarization, iii additlion to lilt and VV polarizations. The
polarIzatIoin orientatlion is defilied with reaipe~ct (if the frammue of refereiice of the transmit or
receive antennas. This mneans thlat at 4.= 9(0' we should expect stronuger crossilnoharlrzed
scattering than, like-polarized scattering. Our expectation was confirmned by the results
shown in Fig. 4(a)j 0,,v Is munch smnaller than rr1 1 for 4. between 11500 and 210' (actually

rvJj could not be measured at 4.=180" because It In lower thana orH by more thans
the 30-dU depoilarization Isolation factor of tihe anteinna), but uehv Is larger than er7~ll1 for
4.= 60' 9(0* (aned 270' - 300"). FIg. 4 depicts the variation of a*(9, 0., 4.) with 9, at
4. = 180'. amid 11g. 5 shlows a contout plo t of ty' as a funuction of both 0. semI 4. lce plot
was genera ted using sim1ple Interpohationi bentween thme various one- d innuairinal profiles.



3.4 BibL,;tic Scattering From Rough Sand and Gravel

(N ') The HII-polarized bistatic scattering patterns of the rough sand and gravel surfaces
exhibit significantly lower levels in the specular direction compared to tile smooth said
surface (Fig. 6), but exhibit higher levels at off-specular directions (Fig. 7).

IV BISTATIC SCATTERING MEASUREMENTS OF FOLIAGE

(NU) Two types of measurements were conducted for trees: 1) transmission measure-
inents to determine the attenuation rate versus the number of trees in the transmission
path, and 2) bistatic scattering measurements to evaluate the azimuthal variation of the
bistatic scattering coefficient. The configurations used are sketched in Fig. 8. In both
cases, the transmitter and receiver antennas were mounted on poles at the same height
above the ground and the transmitter remained stationary throughout both experiments.
Because the bearnwidtbs of both transmit and receive antennas were on the order of 4.20,
an infrared beam was used (prior to placing the trees in the transmission path) in insure
proper antenna alignment.

(NU) Two distinctly different types of trees were selected for examnination in this study:
Ficus and Arbor Vitae (Fig. 9(a)). The Ficus tree (Ficut Nitida-Green Gem) has small, flat,
simple leaves approximately 10 cm' in area (Fig. 9(b)). The Arbor Vitae had a branching
trunk arrangement and a conical crown of Ahort upwardly spreading branches. Its needles
were approximately 1.5-3 mm in length. The complex dielectric constants of the leaves and
trunk at 35 GHz were estimated by extending 1-20 GHz dielectric measurements that were
made using a coaxial probe [41 to 35 Gllz by applying a dielectric model that was recently
devloped for vegetation 151. Over the experiment duration, the trcea were kept in pots
and did not andergo n.=jor changes; however, differencer as large as ± dB were observed
between transmission measurements made a week apart. These variations are attributed to
the loss of a few leaves and to possible changes in moisture contelnt.

(NU) When considering an elementary volume of a vegetation medium containing N
randomly distributed particles (leaves, needles, branches) per unit volume, one rcn charac-
terize bistatic scattering by the volume in terms of the bistatic scattering cross section per
unit volume (or bistatic scattering coefficient) ntt,

=j N < r:ks I
= 4wN < ISr(ks,A,)I > (6)

where r, t = v or h denote the polarizations (vertical or horizontal) of the receive and
transmit antennas, respectively, he and ki denote the scattered and imiident directions, or,
Is the bistatic radar cross section of an Individual particle, and Sra denotes the scattering
amplitude of that particle. The symbol < > denotes ensemble average.

(NU) For both types of trees examined in tris investigation, the measured like-polarized
scattering patterns, it,,(g') and thh(fi), were observed to be approxinmately equal, and a
similar results was observed for x•(,P) and eh,(O). Thus,

K "€0) -= K•(o) "2'(0) (8)

(NUI) Figure 10 shows plots of the measured values of K1(,) and Kjc() for the Ficus
tree. Similar patterns were observed for the other tree. Also shown are plots calculated
using the expressions discussed below.

(NU) The bistatic acattering coefficients can each be expressed as the product of the
average scattering coefficlent x, and a pattern function g(V'),

Ki() = K.9(o), (9)
K2(0) = K. 24). (10)

In view of the shapes of the measured patterns (Fig 10), yl(oi) and y2(0i) can each be
described as the sum of a relatively weak Isotropic component and a Gaussian- shaped,
strong and narrow forward-seattering lobe f(•b,

= o c-• ( +(1 - o') C (11)
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92(0h) [0(2f2(b) + (I - 2)]l N- C)

-[,()2 [" ý (1)'] + (1 -02)] (1 - C) (12)

where /0 and 132 are the effective beamwidths of the like- and cross- polarized forward

scattering lobes.

(NU) The "calculated" plots shown in the Fig. 10 are based on (9)- (12) with the values

of the parameters selected to provide good agreement between the measured and calculated
plots,

V PHASE MATRIX

' '7) The tandom nature of tree foliage supports the use of radiative transfer theory
(6,7] for modeling millimeter wave propagation in the canopy [8,9]. In the radiative transfer
model, the formulation is given in terms of the phase matrix P(0., l;8; j) relating the

specific intensity scattered by a unit volume of the scattering niediurn into the direction
(Co, ,o) to the specific intensity incident upon the unit volume from the direction (9i,-ki),
with both sets of orientation angles being defined with respect to a reference coordinate
(i, ý, z). The phase matrix reprrscents the average Stokes matrix of the particles constituting

the unit volume.

(NU) Upon applying the definition of the phase matrix [71 and making certain assump-
tions regarding the phase relationships between the four elements of the scattering matrix,
SvvSW ,Shv, and 8,h, we obtain the following result for the phase matrix P(O) for scat-
tering in the principal plane (0 0i , = 0),

[On gO 0 01
Y-I 91 g 0 01

P OP 0=+9a (13)

0 00 gn - 92

where V, = 0. - 8j, and g, and g2 are as givenl by (11) and (12).

(N U) For the general case where the incident and/or scattered directions are outside

the principal plane, the phase matrix P(0,, 0,; Gi, 0,) can be related to P(V)) through

P(0..0.;0j,0¢) = ,(7r - 7- 2)P(V)L(- 7 l) (1,)

where L(r - y2) and L(-71) and angular transformationgs (10] and the angles 7Y and 7Y are

related to the incident and scattered angles.

VI RESULTS OF RADIATIVE TRANSFER CALCULATIONS

(NU) Given the phase matrix expressions outlined in tile preceeding section, it is a

relatively straightforward task to compute the radar bistatic scattering coefficient for a

forest canopy using radiative transfer theory 17]. This was implemented by tJlaby et al.

[9] for the backscattering case in order to compare the model results with experinental

observations made at 35, 94, and 140 GlIz. A summary of their cmnparison is -shown in
Fig. I 1 which contains experimental nmeasurements for a canopy of Spruce trees at 35 Gltz

sad fur a canopy of Bur Oak trees at 94 Gulz and 140 Gllz. The calculated curves, which

are in good agreement with the experimental observations, are based on a second-order

solution of the radiative transfer equation using the phase function expressions given in the

preceeding section,

VII CONCLUSIONS

(NU) In addition to examining the character of the bistatic scattering pattern of various

surfaces, this study has shown that a visually smooth sand surface acts like a specular surface

in the specular direction, even at millimeter wavelengths, but when the rms roughness of
the surface beconmes comparable to the wavelength, reflection aong the specular direction

canl decrease by 10 dB or more. For tree canopies, bletatic scattering ia characterized by

a narrow Gaussian-like lobe In the forward direction, superimposed ofi a relatively weak

isotropic pattern. Measurements of the scattering pattern led to a formulation of a phase

matrix appropriate for tree foliage at millimeter wavelengths, which was then used in a

radiative transfer model to compute the radai scattering coefficlent for tree canoples.

I
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(NU) Table 1. Parameters of the University of Michigan
Millimeter Wave Polarimeter

FREQUENCIES: 35, 94, 140, 215 GHz

IF BANDWIDTH: 0 to 2.0 GHz

SWEEP RATE: 1 ms/freq., 51, 101, 201,401 freq./sweep

POLARIZATION: I1H, HV, VV, VH

INCIDENCE ANGLES: 0 to 70 dcgrees

PLATFORM HEIGHT: 3 meters minimum, to 18 meters maximum

NOISE EQUIV. a: 35 GHz: -22 dB
94 GHz: -28 dB
140 GHz: -21 dB
215 GHz: -30 dB

CROSSPOL ISOLATION: 35 GHz: 23 dB
94 GHz: 20 dB
140 GHz: 15 dB
215 GHz: 20 dB

PHASE STABILITY: 35 GHz: -1 degree/hour
94 GHz: -1 dcgree/minute
140 GHz: -10 to 50 degrees/sc'ond
215 G(1Iz: -20 degrees/hour

NEAR FIELD DIST: 35 GHz: 2.7 m
94 GHz: 7.3 m
140 GHz: 2,7 rn
215 GHz: 4.4 m

BEAMWIDTH: 35 GHz: R: 4.2 dcg T: 4.2 deg
94 GHz: R: 1.4 deg T: '18 deg
140 GHz: R: 2.2 deg T: 13.8 deg
215GHz: R: 1. deg T: 2.3 deg

ANTENNA DIAMETER: 35 GHz: R: 6 inches T: 6 inches
94 GHz: R: 6 inches T: 3 inches
140 GHz: R: 3 inches T: 0.36 inches
215 GHz: R: 3 inches T: 1,5 inches

9i

iI
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DI1CUBOXON

M. LXVY
Is it possible to make bistatic scatter measurements over the san?

AUHOTOI °I RPLY
It could be done, but deployment of equipment is not easy.

X. SEMTLN
Xn your measurements of the phase function for a tree, there appears to be a symmetric
scattering pattern even to detailed featurzes. Most trees, I have seen, are not that
uniformly symmetric. Can you explain or comment on this?

MI Ro 1U RIPLY
The tree was rotated 360" for each measurement resulting in a statistical averaging of
aspect dependency.

A. aNIURTON
Could you please coment on the relative backscatter properties of coniferous and decid-
uous trees. Are there any major differences which might have impact on system require-
ments for applications, such as MMW terrain follow;ng radar.

AUTEOR*I REPLY
The water content of the foliage appeared to be the major factor, more so than the dio-
tinction between deciduous and coniferous trees.

tI
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SUIMMARY

Development of space-based passive remote systems for observing and tracking artificial radiation

sources in the earth's atmosphere requires the characterization of the natural radiation background.
Recent advances in detector technology and theoretical modelling have led to improved understanding of

the UV-visible (1000-5000 A) atmospheric background radiation. There are two principal sources of

naturally occurring UV-visible atmospheric radiationt (1) Rayleigh and mie scattering of sunlight; and
(2) auroral and airglow emission. Tho first source is generated primrily in the troposphere, but is

affected by the presence of aerosols and ozone in the stratosphere up to 40 km. li addition, clouds,

surface reflection and multiple scattering can have a significant affect on the radiation field. The

relative impor~ance of these sources to nadir emission are shown. In particular, we find that for

wavelengths greater than 3000 A as much as 601 of the nadir emission can be due to multiple scattering.

The second source, auroral and airglow emission, emanates from the mesomphere above 50 km and the

thermosphere below 1000 km altitude and exhibits remarkable geographic and geomagnetic variability. A

description of these radiation fields and models developed to analyse satellite remote sensing data in

the UV-visible region of the spectrum are presented. Emission levels from both sources are compared
and expected geographic and solar cycle variability identified.

1. INTRODUCTION

tv-visible optical backgrounds observed from space naturally fall into two categories. those

excited by Rayleigh and mie scattering in the atmosphere below 100 km; and atomic and molecular line

emission from the atmosphere, Except at very high spectral resolution or at night, the latter are

observed only when the altitude above the surface of the line-of-sight, or tangent altitude, rises

above 90 km. Below this altitude Rayleigh scattering overwhelms other emission sources. We will show,

however, that at very high spectral resolution (.1 A) molecular emissions my be observed down to

tangent altitudes as low as 40 km tangent,

For optical backgrounds below 90 km, models such as LOWTRAN
1 provide a representation of earth

radiance, irradiance and atmospheric transmission over the electromagnetic spectrum longward of 2000 A.

LOWTRAN is best suited for limb observations below 50 km altitude. The model results described here

are based on algorithms developed at the Nsval Research Laboratory which provide a description of the

contribution to limb emission of Rayleigh and mie scattering below 100 ka in the wavelength region

2000-10000 A.
2

'
3 '

4 Although theae is very little variation in the solar flux with solar cycle in this

wavelength region (4101 at 2000 A decreasing rapidly with wavelength to <1X at 3000 A), there is a

large variability in the limb emission profiles due to climatological effects. This natural

variability must be included in any optical backgrounds model which hopes to predict background "core$.

Above 90 km, solar energy at wavelengths shortward of 2000 A end particle precipitation from the

magnetosphere induce not only a myriad of emissions from atomic and molecular constituents, but large

global, seasonal and solar cycle variability in the distribution of these constituents. User friendly

optical backgrounds models similar to LOWTIAH have not been developed for this region of the

atmosphere. Recent advances in our understanding of emission sources above 90 km may soon lead to such

models, but in order to predict optical backgrounds In this region it will be necessary to incorporate

a thermosphere climiltology as a source for tde constituent distributions.

In the next section, an optical backgrounds model for altitudes below 90 kLm is deacribed and

examples of optical backgrounds are shown. Thermosphere emissions are then described for the dayglow

followvd by a description of auroral eminsions.
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2. OPTICAL BACKGROUNDS FROM THE ATM4OSPHERE BELOW 90 1M0

Observed UV-visible emission for tangent altitudes less than 90 km is dominated by Rayleigh and
aerosol (mis) scattering from the troposphere and stratosphere.

5  
During periods of high volcanic

activity, the emission Is often enhanced above the normal background,
6  

In addition, during late sprirg
aud suemer at high latitude in both the northern and southern hemisphere, polar mesosphere clouds
centered at 85 km are observed as an enhancement in the emission in the vicinity of 85 km tangent
altitude.

7 
Thus, both seasonal variations of the aerosol scattering and variations caused by injection

of aerosols into the stratosphere (volcanic or artificial) cause emission rate fluctations. Sporadic
signatures of clouds have been observed throughout the stratosphere and and at a wide variety

of latitudes. Finally, the seasonal-latitudinal variation in the ozone distribution results in a
modulation of the UY-visible radiance, because ozone absorbs radiation that would otherwise contribute
to the radiation field.

The calculated earth albedo (solar energy backscattered to space) is shown for the 2500-4000 A
wavelength range in Figure I for solar zenith angle 0o - 0, 80 and 90 degrees. The model utilizes the
1976 US. Standard Atmosphere for molecular nitrogen N2 , oxygen 02 and ozone 03 and a clear atmosphere
with a ground albedo of 0.0. The curves show the total earth albedo as well as earth albedo when
multiple scattering is not included. The effects of non-zero ground albedo are emphasized in Figure 2,
where the results for a ground albedo of unity are shown. Comparison of the two figures shows that
ground reflection produces, in the extreme case, a factor of five increase in earth albado. Multiple
scattering increases because of increased trapping of radiation in the atmosphere. Multiple scattering
is not important below about 3000 A because of absorption by ozone in the stratosphere. As noted
earlier, when aerosols, clouds and ozone variability are included, emission levels will change. At
large solar zenith angles (>80 degrees) the earth albedo due to Rayleigh scattering is reduced so that
atomic end molecular emissionn from the thormosphere above v0 km can often be seen even at relatively
low spectral resolution.

Limb emission profiles for an observation platform above 100 km altitude and for tangent altitudes
less than 75 km are shown in Figure 3 for a solar zenith angle of 50 degrees. Wavelength intervals of
100 A were integrated to yield the column emission rate in megRayleighs, where one megaRayleigh is the
radiance in units of photons cm"

2 
0-1 or-

1  
and scaled by 4f X 10-12. The emission profiles for

wavelengths leOS than 3000 A reach a maximum at the tangent altitude where absorption due to ozone and
molecular oxygen begins to attenuate the signal. In this wavelength region, limb emission variations
with latitude and season are expected. For wavelengths greater than 3000 A, the limb emission profile
continues to increase until the solid earth is encountered(tangent altitude - 0 kim), indicating that
contributions from the ground are possible. In fact, the variability of ground albedo and multiple
scattering due to aeroeols and molecules in this spectral region leads to considerable variability in
observed emissions. The theoretical emission profiles shown are accurate to better than 2oz, based on
the combined uncertainty in the solar flux and in the model calculation. Thus, the model of optical
backgrounds emitted from the tropsphere. stratosphere and mesosphere may be utilized to assist in-
flight instrument calibration throughout the UV-visible range.8 In addition, the model limb profiles
can be utilized to assist in determining the pointing accuracy by comparison with limb observations.
Finally, although not discussed in detail here, radiance measurements in thi.s spectral range may be
inverted to yield planetary-scale circulation patterns in the stratosphere and global variability of
ground albodo. aerosol content atid mesosphere cloud distributions.

At very high spectral resolution (<.l A) molecular emissions from the stratosphere and mesoophere
are observable throughout the day and the observed radiances may be inverted to yield the altitude
distribution of the emitting molecules, A new and exciting investigation of observation and analysis
of limb emissions, the Middle Atmosphere ligh Resolution Spectrograph (MAHRS) experiment, promises to
establish new remote sensing 4uchniques for investigation of the D and E region of the ionosphere, and
the chemistry and dynamics of thv stratosphere and memosphore.

9  
The emission models describe,' tbove

will be directed to the MAHRS shuttle-based data set to be obtained in the early 1990's. Th, rAURS
will obtain spectral data in 35 A esgments from 1900 to 3200 A in first order at 0.1 A spectral
resolution and <5 km altitude resolution. A theoretical MAHRS spectrum 35 A wide and centered at 3083
A is shown in Figure 4 for a tangent altitude of 75 km and a spectral resolution of 0.1 A. The low
level background repreasnts Rayleigh scattering of the incident solar radiation (dotted line). The
solid vertical lines represent molecular emissions arising from solar resonance scattering by the
hydroxyl radical (OH) present in the stmwsphere below go km. The OH spectral features shown have been
integrated over 0.1 A so that most of the featuree shown represent the sum of several rotational lines,
The feature indicated by the vertical arrow, however, is the emission from a single transition,
Emission from this line was calculated for a range of tangent altitudes and Figure 5 shows the
resultant limb profile together with the Rayleigh background. The solid curves represent Rayleigh
background reduced by 90Z due to the presence of a polarizer in the HAHRS spectrograph which will
filter out much of the highly polarized Rayleigh background. At these wavelengths the emission is
sensitive to the ozone concentration and the difference in the two solid curves arises because of the
different ozone distributions calculated for December (lower intensity) and April. The dashed and
dotted curvae represent the ON emission and are based on a 1500 hr. local time OH distribution
calculated with a chemical-diffusion model of the stratosphere and sisosphare fur December and April.

1 0

Thus, at high spectral resolution the background from Rayeigh scattering is reduced and optical
signatures from natural and artificial sources can be investigated to at least 40 km tangent altitude.
When HMARS flys, a new generation of space observations will begin. The MAHRS investigation is a joint £
venture between the Naval Research Laboratory and the Vest German ASTRO SPAS/CRISTA shuttle
investigation to investigate chemistry, radiation and dynamics in the stratosphere, masosphere and
lower thermosphere. This investigation emphaslies the continued importance of maintaince and support
of high spectral resolution radiance codes. In the next section we describe theoretical limb emissionS~profi1le from the thermosphere (tangent altitude v 100 ko) observed during the day. '
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3, OPTICAL BACKGROUNDS FROM THE ATMOSPHERE ABOVE 90 KM

Nightglow, arising primarily from radiative recombination in the thermosphere will not be described
here, but is included in the the radiance models described below. The radiance levels are quite low at
night, typically less than 10 Rayleighs throughout the spectral region 1300-4000 A. However, in the
equatorial regions (+ 20 degroas latitude) tediance levels at 01 1304 end 1356 A can reach a few
hundred Rayleighs and depend on ionospheric structure.

During the day, optical emissions from neutral and singly ionized atoms and molecules are observed
throughout the atmosphere. The region above 100 km is dominated by emissions in the wavelength region
500-6000 A which are produced by Polar resonance excitation and photoelectron impact excitation. 1 1

Rayleigh scattering is negligible above 90 km, so that even at a spectral resolution of 25 A
information about thermosphere and ionosphere behavior can be deduced. We have developed a model which
describes these eLdscinns in detail tnd have validated it through analysis of rocket, ground-based and
satellite data sets. 1 2  Through analysts of these data fundament&l issues regarding emission sources
and thermosphere characteristics have been addressed, and as a result the model is now accepted as a
reliable diagnostic tool for analyzing optical backgrounds from the mesosphere, thermosphere and
exosphere.

An example of dayglow emission between 1300 and 4000 A calculaLed for an observation from above the
thermospmere is shown in Figure 6 for tangent altitudes 130 and 200 kIu and a spectral j'esolution of 20
A. The dominant features in the far UV (1000 to 2000 A) are HI 1216 (not shown), 01 1304, 01 1356 and
the NZ LBH system of bands which start at 1273 A and contJnue throughout the far UV. In the mid UV
(2000 to 3000 A) tooe rominant features are the NO 7 bands, the N2 VX and 2PG systems and the atomic
lines 0O1 2471 and 01 2972. N2 LIM also contributes at short wavelengths in this region. Finally, in
the near UV (3000 to 4000 A), the most intense emission features are the N? 2PG system of bands and the
Nt 1N band4. The brightest features are identified in Figure 6, The Lhape of the spectrum changes
significantly with altitude because of the different altitude distributions of the emitting atoms and
molecules, the different slant path absorption effects and the different excitation source
distributions. 1 1  Altitude profiles for the spectral regions shown in Figure 3 are given in Figure 7
for the 75-250 km region. The limb emission profiles shown were calculated for a solar zenith angle of
50 degrees and an exospheric temperature of 12P10L Both the magnitude and shape of these curves change
with solar zenith angle, solar activity, season tnd geographic location, but qualitativwly the curves
shown represent the range of expected variation in the magnitude of the emiss'.on. It should be noted
that the range of variation in emission levels shown in Figures 3 and 7 is almost 10 ordere of
magnitude. Thus, for instruments designed to moaitor this altitude-wavelength space, a large dynamic

4. range in ins,.rument response moot be availabie. In addition, for tangent altitudes above 90 km, off V
axis scattering from below 90 km must be eliminated.
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If the models described above are integrated into climatological models which are driven by solar
activity indicators and include seasonal effects, then the capability exists to provide a prognostic
model of optical backgrounds emission from the mesosphere, thermosphere and exosphere. In addition,
analysis of emissions from singly ionized atomic oxygen, OH and nitric oxide provide the ability to
monitor D, E and F region variations of the electron density.

In the auroral region. the systematic and, to some extent, predictable optical background
variability present in the dayglow does not exist. The range of excitation energy variation
encountered is large and any prognostic ability depends heavily un our understanding of magnetospheric
response to changes in the solar wind and the Jntorplanetary magnetic field as they sweep by the Earth.
Part of this response is in the form of changes in energetic particli fluxes (mainly electrons and
protons) entering the high latitude ionospherc (e.g., from the plasma sheet and from more local regions
producing particle acceleration). To date, there is no realiable model of these effects, so that in
the auroral regions, theoretical models are used primarily to investigate current or past observations.
The results of these ongoing analysis efforts may ultimately lead to a prognostic model of auroral
region optical emissions based on models that couple the chemistry and dynamics of the neutral
atmosphere, ionosphere and magnetosphere.

Examples of typical incident electron spectra used in auroral modeling are shown in Figure 8. The
upper panel shows four spectra characterized by Haxwellian distributions with the addition of low
energy tails. The characteristic energies are .5, 1.0, 2.5 and 5.0 key with mean energies of twice
these values. Each spectrum contains an energy flux of 1 erg cm- 2 s-1. Haxvellian-like distributions
occur commonly in visible aurora, especially in what is termed the diffuse aurora whose energy source
is precipitation from the plasma sheet, The lower panel in Figure 0 shove four spectra characterized
by Gauseian distributions with the addition of high and low energy tails. Peak energies are 1, 2.5,
5.0 and 10 keV with energy fluxes of 1 erg cm-2 s-1 as in the upper panel. These type of spectra occur
commonly in auroral arces. The Gaussian-like portions are thought to arise from acceleration processes
high in the ionosphere,

The volume emission rate for a given optical feature is determined by first performing an electron
transport calculation whose boundary condition is given by the energy and angular dependence of the
precipitating electrons, 1 3 Figure B showed typical examples of the energy dependence. Isotropy over
the downward hemisphere is usually chosen for the angular dependence at the upward boundary based on
satellite particle observations. The transport calculation specifies the electron intensity versus
altitude, energy and angle which is then integrated over 4w to give the spherical electron flux. The
volume emission rate is then calculated by an integration over energy involving the product of this
flux, an electron Impact cross section for the emission feature of interest and the number density of
the species being impacted. Figure 9 shows examples of the calculated quantity for a series of inci-
dent electron spectra given by Haxwellian distributions containing an energy flux of 1 erg cm- 2 S-l.14
shown is the total excitation rate of the B state of NJ which produces the first negative (1M) system.
The source of this emission ic electron impact on NJ. This system contains the bright bands at 3914 A
and 4278 A which are two of the most commonly observed features in the aurora.

Over the past several decades of the study of auroral phenomena, almost all of the observed
spectral features have been identified. The current model includes the prominent spectral features
observable by typical satellite-born spectrometric experiments. The magnitude of each feature is
determined from the emission rate as described above. For molecules, the emission rate of an entire
band is distributed among its rotational lines by utilization of spectral synthesis codes. The final
result, radiance for a particular viewing geometry, is obtained by integration of these emission rates
along the line of sight. In the case of optically thick emissions, multiple scattering within the
atmosphere must be evaluated to determine the total emission rate. The radiance is then determined by
integration along the line of sight, but with the inclusion of absorption effects. Figure 10 shows two
examples of this radiance from 1000 to 4000 A as observed by satellite for viewing in the nadir
direction. At wavelengths longer than 3000 A, Rayleigh scattering and ground albedo may serve to
enhance the emission. The emission spectra correspond to incident electron spectra having the shapes
shown in the lower panel of Figure 8 with peak energies of 1 and 10 key, respectively. Radiance units
are Rayleighm A-1 with a chosen spectral resolution of 20 A. The spectral brightness is linearly
proportional to the energy flux of the incident electrons which is the same as for the above results (1
erg cm-2 @-l). The features identified in Figure 6 are also present In Figure 10, with the exceptions
that 01 1304 is not included nor are the NO 7 bands, which are usually much less intense than other
suroral features. The most notable differences between the two spectra in Figure 10 are the lower
brightness of the -10 keY" spectrum at FUV wavelengths (1300 to 1700 A) and over an extended region at
Hid IV and Near UV wavelengths. The differences in the degree of pure absorption by 02 for the two
simulated auroras is the cause of the differences at FIJ wavelengths.5 The differences at the longer
wavelengths occur ptimarily in the N2 V'1 bands which are weaker for the harder aurora ('10 keV'). This
is caused by greater quenching of the excited state [N2 (A)] at 10 keV, because this state is produced
lower in the atmosphere.

1 5

S.4
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4. CONSCLUSIONIS

An understanding of the physical and chemical uachwansos leading to the Oil-vilible radiation field
is a critical ingredient in the development of codes which 'predict UV-visible background sconew. In
order to distinguish artificial sources from natural background variability, such an understanding must
be present on a global scale. LO1ITRAiE7 will soon provide a global description of the atmosphere below
30 km. when minor conetituont climatologies are incor- porated, The main features of the UV-Nisible
airgiow and aurora aue vell understood in terms of radiation scattering theory and invornion of
emission features to derive atmospheric parameters; and empirical models of the temperature and
constitueot distributions are being developed. However, no LOUTBAN-type model exists which could be
csiiae easily into a global emission model for the atmosphere above 90 lom,

Two Investigations, RAIDS and the UV-visible portion of HSX, will provide data sets in the 1992-
1995 time period which can be used to validate such a global dmission model. In addition, the flight
of AHIuS will provide a new and unique data set which should yield improved understanding of the
chemistry and dynamics which drives global stratosphere and mesosphoes varaibility. These
Investigations, when combined with collaborative modelling efforts, provide the potential to yield
validated diagnostic and prognostic models of the coupled neutal at~mosphere-ioposphere system.
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R. IINIOOIL,
Do the 02 (Neinel) vibration-rotation bands provide any contribution to the radiance?

AUTNORIE R=PLY
Yes they do. A very important source of nightglow.
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CALCULATION OF IR PROPAGATION STATISTICS IN THE EASTERN ATLANTIC FOR
SURVEILLANCE SYSTEM PERFORMANCE ASSESSMENT

by

J.M.Ridout
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Portsmouth. Hants P06 4AA

United Kingdom

The assessment of Infra Red Search and Track systems requires a knowledge of the
atmospheric propagation conditions in the geographic region of interest and how often
these conditions arise. One area of interest to the UK Royal Navy is the Eastern
Atlantic from the Iberi: Basin in the South to the Greenland Sea in the North. A
description of the metecrological conditions in this area in terms of air mass type has
become available under NATO. The data have been used with the Lowtran 6 computer program
to determine the atmospheric transmissions in the 3-5/um and 8-12/um bands and the asso-
ciated occurrence values used to produce cumulative probabilities of occurrence of a
given transmission. This data base gives the conditions in terms of air mass type which
may distort the probability curves. A further meteorological data base is available
which gives the atmospheric conditions over a period of several years for Weather Ship a
in the West European Basin and a subset of this has been used to provide a check on the
above calculations for this restricted region. It is shown that the degree of corre-
lation between the two methods is reasonably good and that using the air mass type of
approach is satisfactory. The effect of the calculated probability curves in sub regions
of the Eastern Atlantic region on the selection of IR surveillance systems is indicated.

INTRODUCTION

The assessment of the performance of an IR surveillance system for use on Naval
vessels is necessary before the decision to include the equipment within the sensor suite
is made. In the case of the development of a new system this assessment must be made by
modelling the expected performance against a number of targets In a specified scenario.
One output required is the'percentage of time the system will achieve a given detection
range against a given target. In order to provide this information it is necessary to
have an estimate of the atmospheric transmission as a function of occurrence. The
transmission is normally calculated using the Lowtran computer program and hence thin
requirement is translated into a need for the weather statistics for the geographic
region of interest. The transmission, and hence the performance can vary both with
the spectral band used and the specific locality in a general geographic area. In
one area of interest to the Royal Navy, the Eastern Atlantic, the conditions vary from
the relatively warm Iberian Basin to the cold Greenland Sea. Thus a large number of
different calculations are required to fully characterise the performance and any method
of reducing the total amount of data which is considered is welcome.

TRANSMISSION CALCULATIONS

The largest amount of data needed is that to calculate the transmission statistics
since small areas need to be considered and the probability of the occurrence of specific
conditions is required. The direct way of obtaining the latter information is to perform
a largo number of transmission calculations using observed weather conditions and
analysing the resultant transmissions. If a number of areas are required this may
involve the calculation of many thousands of transmissions.

Canada has recently been involved in a task which allows another approach to the
problem. The weather records of various areas have been examined and the conditions
ascribed to a set of air mass types along with the frequency of occurrence of these types
of air mass. rhe source air mass types considered in the North Atlantic are Maritime
Tropical, Maritime Polar, Continental Arctic, Maritime Arctic and Cold Maritime Arctic.
These air masses will be modified as they cross the region from their sour - and combi-
nations of two or more different air masses are also considered. Also ascribed to these
air masses ini each region is a typical set of values for pressure, temperature, wind
speeds etc. Care has to be taken In this process to make sure that the occurrence of
precipitation in the ascribed data is consistent with the expected frequency. It is thus
possible to use this not of weather parameters to calculate the atmospheric tranwmission
and to use ihe frequencies of occurrence to provide the probabilities of certain trans-
missions occurring.

This type of calculation uses only a small number of different conditions and each .
Y condition is ascribed a particular set of values and the question arises as to whether

the resultant occurrence ctatistics &pproximate to the real world. A check on this is
possible, at least in one imall area of interest. The Canadian data is available for
Weather Ship J in the West European Basin and corresponding observed weather data is
available covering a number of years observation at hourly intervals from the UK
Meteorological Office. Two sets of calculations were performed, one based on the air
ma•s type approach and the other for a subset of the direct data collected during 1973.
The program used was Lowtran 6 in a horixontal path transmission mode with the Navy 3
Maritime Aerosol model selected. A modification was made to the aerosol model as advired
by the authors for high wind speed conditions. One problem with this aerosol model is
the requirement for an air mass number (not to be confused with the air mass type
referred to above) which ýs not directly contained in either weathev data base. A
precursor program was nsed to estimute the air mass number from a consideration of the
available data by ensuring that the effects of visibility, wind speeds and precipitation

S ri
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were consistent. Although the correct selection of this parameter is essential to obtain
accurate transmission calculations, any error is present in both calculations and should
not change the conclusions.

The result of this comparison is presented in Fig 1 which shows the cumulative
probability of a given transmission being bettered versus the log of the transmission
over 20 km for the average 3-5/um and 8-1.2/um bands.
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Fig 2. Average transmission In the Fastern Atlantic

It can be moon that although there are some discrepancies the overall agreement is satis-
factory. Some of the fluctuations in the air mass type results may be due to the small
number of weather scenarios considered, in this case 26, but for assessment purposes this
type of calculation will provide adequate information.

ERASTERN ATLANTIC TRANSMISSION

The air mass weather description for the Eastern Atlantic area covers six sub-
regions from the Iberian Basin in the south to the Greenland Seo in the north. The
atmospheric transmission has been calculated as described above for each of these
regions. The average 20 km transmission over the complete region is shown in Fig 2.
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Fig 1. Weather ship J data comparlson

The 8-121um trmnomishion is better than the 3-5/um transmission with transmissions better
than 2.0i3 (equivalent to an extinction coefficient of 0.3/km) occurring for 80% of the
time. A transmission of 10% occurs for 8% of the time in the 3-5/um band and 36% in the
8-12/um band. This result does not give the full picture however and the extreme sub-
regions are given in Figs 3 and 4.
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Fig 3. Transmission in the Greenland Sea
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Fig 4. Transmission In the Iberian &a51n

In the cold Greenland Sea the 8-12/um band has better transmission than the 3-5/um band
but both bands have a lower transmission for a higher percentage of the time than the
average region. This sub-region however has a good transmission in better weather condi-
tiono although these do not occur often. Transmissions of 100 occur for 181 of the time
in the 3-5/ur band and 501 in the 8-12/urn band. The transmissions of each band in the
warmer Iberian Basin sub-region are similar with the 3-5/um band having a value close to
the average but the 8-12/um band transmissions being reduced. The derived curves cross
each other in a time fashion and this probably due to the restricted number of cases
considered in this region but soms change in expected as each band is dependant upon
different quantitiew in the calculation. This change of relative transmissions between
the bands will affect the performance of systems based upon one or other of the bands
according to the specific region of interest. It is therefore not sufficient just to
consider a wide area such as the Eastern Atlantic when defining the weather conditions
expected but also the variations within that region.

PERKIORHA4CS CALCULATIONS

The performance of Infra Red Search and Track (IRST) systems I c* \culated in a
number of steps starting with an aisumed source emission followed ' transmission
through the atmosphere and finally a conversion from irradiance co riL. . to probability
of detection using data relevant to the particular IRST. Calculate %no for a supersonic
target were performed in the Greenland Sea and Iberian Basin regions -or a dual band
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IRST. The data assumed for the IRST was purely generic and is not representative of any
system or best achievable design. However the relative sensitivities in each band are
correct to allow comparison of atmospheric transmission differences in the two bands.
Fig 5 shows the cumulative probability of the 50% probability of detection at a given
range against range. So modification has been made to the range for horizon cut-off, it
being assumed that an infinite horizontal path length is available.

3-"M
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Fig 5. Performance against a supersonic target in the Greenland Sea

The 8-12/um band has a superior capab.iity in this geographic region even against a
supersonic target which favours the 3-5/um band. The equivalent performance in the
Iberian Basin is given in Fig 6.
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Fig 6. Performance against a supersonic target in the Iberian Basin

Here, at least during the better weather conditions, the performance is similar in both
wavebands. If a warmer geographic area was considered it is probable that the 3-5/umr
band could become better than the 8-12/um band most of the time.

The detection range is a function of the source strength and sixe, the IRST spatial
resolution and the atmospheric transmission. in this instance the transmission can cause
a variation in the detection range of about a factor of four. In order to provide an
accurate description of performance of the IRST it is not sufficient to use a worst case
and a best case transmission scenario as these would produce similar results in both
regions. A number r-' transmission values are needed to evaluate thG ,ercentage of time
that detection rang 4 required for effective countermeasures can be ,.chieved. Although
not specifically addressed here, this information is required in spectrally resolved

F form to allow for the correlation between the emission source and the absorbing species
in the atmosphere and the apectral bandwidth of the IRST. The wide variation in the

calculated detection range with different weather conditions means that a number of
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calculations are required to provide an adequate indication of performance under all
operating conditions. The use of air mass type descriptions of the weather occurring at
each geographic location means that such performance curves for a particular location may
be assessed from a few tens of transmission calculations rather than the few hundreds of
individual calculattons needed to provide adequate statistics from direct observations of
conditions. The problem is further aggravated by the need to consider the actual band-
pass of the IRST which may produce very differ~nt transmission characteristics than the
full average 3-5/um or 8-12/um band. The use of the relatively small number of weather
situations in the air mass type approach however does allow the possibility of a library
of spectral transmissions reducing the calculations needed for parametric studies of IRST
characteristics.

CONCLUSIONS

The need to consider small geographic regions when calculating the expected perfor-
mance of IRST systems has been demonstrated. This need implies that many transmission
calculations are required to describe the availabilities of the IRST in all these regions
and that, to make the problem tractable, a reduction in the amount of data is required.
The availability of an mass type description of the weather provides such an opportunity
but the adequacy of these descriptions is open to question. Calculations have shown that
in one geographic area the results of such a description are adequate and providing the
partitioning in not coarse other regions should be the same.

Performance calculations for a generic IRST have demonstrated that choice of
waveband or the need for a dual waveband can only be made if all operational areas are
considered in a fine enough detail.

Copyright (C) Controller HMS LONDON 1989
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ABSTRACT

Llectro-opticarl weapon system developers and users must know the Smoke/obsourant
countermeasure transmittance levels required to defeat their systems. This Information
Is reqglrod in order Ito ostabi Ish both operational smoke screen requirements end system

* scenario applicability. Transmiltta~nce data acquired In fielid tests such as the Smoke
Weak tests held by the Project Manager, Smoka/Obscurants have been developod for this
purpose. Narrow-band transmittance data can be analyzed using the Beor-tiouguor
transmittance low to evaluate the performance of nnrrow-bend electro-optical weapon
systems such as laser rangefinders. However-, broadband transmittance dote for smokes
such as phosphorus, fog oili, and dust In the visible, 3- to 5-g~m, or 8- to 12-jim bonds
cannot be evaluated directly using the iBeor-EBnuguer transmission l aw for broadband
eiectro-opticel systems such as FLi~s. A broadband Itanbimittance measurement averagjes
ever the atmospheric spectrum, tim source spectrum, the sensor dotoctor/filtor spactral
responso, and the mass extinctlon spectrum of the smoke/obscurant. The source spoctrum
and dotector/filter response of a broadband oloc-lro-optIccil woapun system may be
radically diffnr~int from thrit of o trorrrsmikisomeotr Used to acquire fic'IrJ 0 et atek.
Thorc'forc. brooadband trim n!il tionce lrint tho ci ectro-opt Ical i ouipon !,ensor obocrvues for
a particular snoke type and concentration length cein be radically diffurorit fromi thatI
monsured by a broamdbanmd treasmissomoter alonil thec same I Ina of sight. A muthod for
transforminp field-measured transmittance data Into equivalent electro-optical systum
transmittance Is required. The tranamsm~someter system analysis developed In the Project
ilananor, Ssmoko/Cibscu rants5 TIIIAN~mlssomotur VAL idation (TRANSVAL) program ham provided
the basis for developing such a smethod. This paper describoes thu method developud In
the TI1ANSVAL protprom for computingj equivalent broadband oloclro-opticoi sensor
transmlittance from field tost data. It is shown that band averages of the moss extinction
coefficient used with the ileer-liouguor transmirssion law do not yield correct estirmates
of equivalent electra-optical system transmittance. Examples aru provided to Iiiustratu
the kinds of error& that can arise If senuor porformance Is Incorrectly Interpreted uslnu
field test data.

1. INTRODUCTION

The Project 1/anagor. Smoke/Obscurants, aided by the U.S. Arniy Atmospheric Sciences
Laboratory, has sponsored an ongoing TRANSmIssometer VALIdrmtioai (TRANSVAL) program to
iduntify, reduce, or el iminato transinissometer data Inconsistencies. A primary objective
of the TRANSVAL program has been to develop a mathodology for expressing tr.'nsmlfttnce
values measured by one system In terms of those measured by another. Since
transmissometer systems are radiometers designed to measure signal alttenuution, the
method developnd hore for expressing transmittance response for different Instruments
appliles In genural to a number of electro-optical (CO) weapon systems, such as FLIRs,
that depend on rndlometric responses for system operation. Thus, for example, the
transmittanc, of a smoke screen measured by a particular transmisuometer system can be
transformed Into the transmittance observed by a FLIP operating In the sania Spectral
band.

Our proposed method Is structured 1) to provide Information for alectro-optical
system developers who must estimate how well a system can perform againu.t military
smake/ohecurant countermeasures, and 2) te parallel the methods; originally developed for
evaluating EO system performncene. To describe the proposed method, the original approach
used for evaluating EO system performance ageainst smekes/obscurants Is first discussed,
and the limitations In this approach are described. Next, characteristics of
transmittance measurements In field tests for the measurement of smokes/ obscurants are
reviewed, and It Is shown why these measurementg cannot be used directly to evaluute EO
system performance characteristics. The method for relating the field transmittance
meaueet toO system performance Is thoir described. A xml spoioit
illustrate the source and magnitude of potential differences In measured traný.mlttunce

that make the proposed method necessary for the analysis of data.

ah original approach to specifying LO system performance against mmeker/ obscurants
assumed that the Beer-flouguer transwIssion law directly appliled to the transmittance
data. The Eleer-flouguer transmission law can be written as:



T(X) - e-'(X)CL

whereaz() Is the mass extinction coefficient (mean extinction cross section per mean
particle mass), end CL Is the concentration length product. Nearly ell the original
analyses assumed that the meass extinction coefficieint was Independent of time and that
it could be used as a figure of merit for evaluating the relative attenuation capability
of different smoke materials. During tests such as the Smoke Weeks provided by the
Project Manager for Smoke/Obscurants. EO system developers could acquire system
performance data relative to the obscuration capability of realistic concentrations of
smokes/obscurants. System performance was determined by the times and time Intervals
during which the system could not adequately function. The EO system operator determined
when the system did not function through design criteria Ioveloped specifically for the
system. Attempts were made in these tests to assure alignment of the EQ system with a
transmlssometer line of sight or with a linear array of mass sampi Ing devices. The Beer-
Douguer law was assumed to apply to the measured transmittances. If the mass extinction
coefficient for the smoke/obscurant used In a test was known, then the Beer-Bouguer law
could be used to provide CL values as a function of time, t, through the following
express ion:

CL - JA(M)
a (A)

If time-integrated CL (called dosaget D) was measured, then mass extinction
coefficients could be determined as followst

te
1Jn(T(A,t))dt

4 1AI1 .CItd

Here, Al(I) Is the path Increment between dosimeters (typically 3 m). The EO
system's performance relative to smoke/obscurent concentration length, determined using
either I Inear arrays of concentration measuring devices or by transmittance measurements
uslng Eq. (2), was then plotted as a function of time using bar charts of the type
Illustrated In Figure 1. Once CL thresholds for system performance were established,
smoke screen transport and diffusion models could be used to estimate how the EO system
would perform under conditions not encountered or produced In field tests. Smoke
production analysts could then estimate the material and logistics requirements for
producing an adequate smoke screen using the materials and ED systems evaluated In the
tests. It was recognized early In the program that this system evaluation approach would
be satisfactory for narrow-band systems such as laser rangefinders, but that the mass
extinction coefficient for broadband EQ systems must be Interpreted as an average.

Since transmissometers were operated In bands similar to those of the EQ systems
and the transmissometers and linear mass measuring arrays were used to experinentally
determine mass extlnci Ion coefficlents, It was assumed that the approach would still
apply to broadband systems If the appropriate experimentally measured mass extinction
coefficient were used with the experimentally measured CL values. Unfortunately, the
latter assumption has been found Incorrect, and leads to erroneous system performance
estimates and logistical supply requirements for EQ system smoke/obscurant
countermeasures. The Beer-Bouguer transmission law cannot be directly applied to the
Interpretation of broadband transmittance measurements; the Beer-Bouguer t'ran'smlttance
must be averaged over the spectral characteristics of the specific system making the
measurement and the atmosphere In which the broadband transmittance was measured.

Broadband transmittance relative to that In clear air for normally operating
transmlssometers or EO systems attempting to operate through smokes/obscurants Is given
byi

T(t>to) -

(4)

'•PlAlflA)FI,)IA)•OIXldX

where the functions of A, P0, W(, F0, A0, and 0(), are the source power, spectral
transmission of the system filter. deteci'or response, atmospheric trunsmittance, and
optical system transmission respectively. Equation (4) shows that broadband
transmittance Is an average of the Beer-Bouguer transmittance over the spectral
characteristics of the transmissometer system making the measurements ur the EO system
operating1 against the smoke screen. Unless f(A), F(A), A(A), end 0(A) are the same for
both the transmlssorneter and the EO !system, the effective transmittance values through
a smoke screen with a given CL value cannot be expected to be the same for both devices.
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Since a multispectral transmlssometer acquires data simultaneously In Its various
spectral bands, a regression analysis can be performed that eliminates the time
dependence of the transmittance data and relates optical depth In one band to that In
another. The optical depth regression yields relationships between optical depths In
the various spectral bands In the form:

(1) - b ) (6)

where M(1) and T(2) are the optical depths for spectral bands I and 2 respectively, and
a and b are constants produced by the regression analysis. The optical depth for a narrow
spectral band can be defined In terms of the Beer-Bouguer transmission law (Eq. (1))
parameters according to:

r(AX) - a(AX) rZ C(Z,t)dZ (7)

where C(Zt) Is the mass concentration as a function of position Z In the smoke, t Is
time as defined previously, Z(SMK) Is the pathlength through the smoke/obscurant,
and t(tA) Is the mass extinction coefficient for the band, 6N. All spectral responses

Involved In the measurement process are used to "average" the measured transmittances
over the band. When the mass extinction spectrum Is narrow relative to the spectral
characteristics of the measurement system, virtually no spectral averaging occurs, and
the transmittance Is given by the Beer-Bouguer transmission law. When the optical depths
In two narrow spectral bands are regressed, a w in Eq. (6), and b Is the ratio of the
mass extinction coefficientr for bands 1 and 2. When the mass extinction spectral band
Is wide relative to the spectral characteristics of the transmissometer system, the
Beer-Bouguer transmittance Is "averaged" over the spectral characteristics of thG
transmissometer using Eq. (4). Choosing spectral band I In Eq. (6) to be that for a
narrow spectral band makes the mass extinction coefficient a constantoal and the optical
depth for the broad spectral band, which will be called AA, Is given by:

in Eq. (8), g is the concentration length defined by the Integial In Eq. (7).

Therefc-e the broadband transmittance can be written using Eq. (8) to express tho
optical depth In Eq. (5). Taking the antilog for the transmittance, we

T(A)) - exp(!J 1/& (9)

Equation (9) Is the experimental expression for the barnd-averaged transmittance.
Equation (4) provides a form of the theoretical expression for T(A) . When the
assumptions leading to Eq. (4) apply, then the right-hand side of Eq. (9) can be equated
to the right-hand s!de of Eq. (4).

The concentration length, g, Is Independent of wavelength. Therefore, both Eq. (4)
and Eq. (9) can be Integrated from 0 to Infinity with respect to g to el iminate the
functional dependence on g. The result of the Integration Isi

13l (L-) (g) (-0

where ' Is given byt

f (CA,A)dA

and r(e) Is a gamma function of argument a. The function 9(CAX) Is given by P(A) f(A)
FI') A(A) O(A). Equation (10) shows that the Integral of the ratio of the clear-air
spectral response of ths system to the sass extinction coefficient spectrum is the
primary mechanism that effects the a and b constants In the curve fit. Solution of Eq.
(10) for a and b after computing Eq. (II) can be accomplished by Iterat ive computations
for the quantity a after calculating b. An expression for b can be found by solving Eq.
(4) for g -1/*,. (This value of g makes the narrow-band optical depth 1.)

The constants a and b are In general unique for a particular transmissometer system
and atmospheric transmittance. Once computed for the transmissometer and for the test
In which the tranemissometer was used, they can be appi led to the measured 'transmittance
to obtain a value of the concentration length using Eq. (9) In the form:



ab

g 0n((XI (12)

This value of concentration length Is Independent of the transmlssometer system that
measured it. A detailed knowledge of the mass extinction spectrum over the band of
Interest Is required In order to compute the constants. Ideally, the problem Is
simplilfied by using a narrow band to estimate the concentration length, In which case
the Beer-Flouquer law can be applied. Unfortunately, the narrow-band wavelengths often
have either too much or too I ittle sensitivity for the smoke/obscurant concentration
lenqths measured In field trials, and broadband data must be used.

After the estabi ishment of the experimental value of the concentration length, the
equivalent transmittance for any system of Interest can be computed by applying the
spectral response of the system In the equations used to compute a and b. The constants
a and b for the system and the mass extinction coefficient for the narrow band then fully
specify how the system should perform for a given concentration length.

4. EXAMPLES OF BAND-AVERAGING EFFECTS ON MEASURED TRANSMITTANCE

Section 3 discussed a method for extracting concentration length data from band-
averaged transmittance data. In addition to showing that optical depth regression plots
for band-averaged transmittance data can be nonlinear, Eq. (4) has further Implications.
In this section, we provide examples to Illustrate the care that must be exercised In
Interpreting band-averaged transmittance data. We also Illustrate the appl catlon of
such data In evaluating EO system performance against smokes once concentration lengths
are determined. We consider the effects that differences in source spectra have on the
relative transmittance through a smoke with spectral structure In Its mass extinction
coefficient. In order to develop an understanding of the physical principles that affect
the transmittance In one example, approximations are made for the source spectra and for
the mass extinction coefficlent that allow the Integrations required by Eq. (4) to be
performed analytically In closed form. In the second example, we use measured mass
extinction spectra for phosphorus-derived smoke with the same source spectra as In the
first example.

Assume that two transmittance measurements are made under Identical circumstances.
Assume that the same fIlter, f(A), detector, F(X), and optical system transmittance
spectral responses apply, and that these responses are Independent of wavelength. Assume
also that the atmospheric transmittance Is Independent of wavelength.

4.1 APPROXIMATIONS TO SOURCE SPECTRAL DISTRIBUTION

Let the first sot of measurements employ a black-body source operating at 300 K
(27 'C). This source temperature is approximately what might be encountered from a
military target such as a tank at normal operating temperature. Let the second sut of
measurements employ a black body source operating at 1773 K. This source temperature Is
comparable to that commonly found In transmissometer systems used In smoke/obscurant
field tests.

The radiant power produced by a black body is given by the Planck function as:

P (,T) C (13)
A 5 (exp(C1/XT) - 1)

where C, and 0, are constants and T Is the source temperature In Kelvin. In the case
of the 300-K source temperature, and for wavelengths up to 12 •m, the Wein approximation
to the Planck function applies and Is given by:

C~exp [ j
P(A,T) , (14)

in the case of the 1773-K source temperatures, and for wavelengths down to 2 to
3 pm, the Rayleigh-Jeans approximation to the Planck function applies and Is given by'

P(A,T) : (CZ/CT)T
X'

4.2 APPROXIMATION FOR 'THE MASS EXTINCTION COEFFICIENT

For the first example, and using a closed-form analytical solution for the band-
averaged transmittanco, assume that the particle size distribution of the smoke/obscurant
Is such that the extinction efficiency of the smoke/obscurant material can be
approximated by a linear function given by:
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QE C(16)

where C, is a constant specifying the slope of the extinction efficiency over the range
of the approximation and D is the particle diameter.

This approximation, first used by Chylek for water fogs (Chyiek, 1978), has been
found to be reasonably accurate for middle and far Infrared extinction. This
approximation also appI los, with less accuracy, to smokes such as fog oil or Oitthracene
when absorption bands are ignored. The mean extinction cross cection with this
approximation can be shown to be:

S" 4A (17)

where 4i3 Is the third moment of the particle size distribution, and is proportional to
the particle volume. The mean particle mass Is given by:

S- 1pj (18)
*-6

where P. Is the particle material density. The mass extinction coefficient is defined
as the ratio of mean extinction cross section to mean particle mass. Computing the mass
extinction coefficient using Eqs. (17) and (18) yields:

1. 5XC3
a*() - -A (19)

4.3 RELATIVE TRANSMITTANCE FOR 300-K SOURCE FOR THE MASS EXTINCTION COEFFICIENT
INVERSELY DEPENDENT ON WAVELENGTH

The Wein approximation for the Planck function, Eq. (14), and the approximation for
the mass extinction coefficient in Eq. (19) can be used In Eq. (4), along with the
assumptions for system spectral response, to compute the relative transmittance for a
300-K source through a smoke screen over a spectral band from &11-o No The result Is:

Y(AX,300 K) - ff)(20)

where

f(X) - exp(-X)(X
3  

3X
2 

+ 6X + 6) (21)

S" I. + C (22)
P,

C1
C - T (23)

4.4 RELATIVE TRANSMITTANCE FOR 1773-K SOURCE FOR THE MASS EXTINCTION COEFFICIENT
INVERSELY DEPENDENT ON WAVELENGTH

The Raylelgh-Jeans approximation for the Plenck function, Eq. (15), and the
approximation for the mass extinction coefficient In Eq. (19) can be used In Eq. (4),
along with the assumptions for system spectral response, to compute the relative
transmittance for a 1773-K source through a smoke screen over a spectral band from Al
to ý,. The result Is:

3 (2F) F

TI. 77 )Al( 4
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where

F(X) - exp(-X)(X 2 + 2X + 2) (25)

4.5 COMPARISON OF 300-K AND 1773-K SOURCE RELATIVE TRANSMITTANCES FOR THE MASS
EXTINCTION COEFFICIENT INVERSELY DEPENDENT ON WAVELENGTH

Equations (20) and (24) iave been used to compute relative transmittance for
sources operating at 300 K aind 1773 K over bends of 3 to 5 j.m and 8 to 12 Am. It has
been assumed that the specific gravity of the smoke/obscurant maturial Is I, and that
the slope of the extinction efficiency Is I. The results are shown In Figures 2 end 3.
Figure 2 shows the ratio of trensmittances as a function of concentration length, g, for
target source temperatures relative to a source temperature of 1773 K for the 3- to
5-pm band; Figure 3 shows a similar plo t for the 8- to 12-pm bend. The difference
between the transmittances for the two source temperatures is striking. Note that the
difference In the 3- to 5-Am band as a function of g is slightly greater then that for
the 8- to 12-pm band. These figures show that the cooler source has a much higher
relative transmittance than the hotter source as g Increases. For this examplev these
results suggest that transmittance computed using measured g values inferred from
transmittance data as zl1qgested In Section 2 would not be closely comparable to the
transmittance applicable to a typical EO weapon system target such as a tank, In fact,
the relative transmittn.ve to the tank would generally be much higher than that predicted
by the transmissomater.

4.6 COMPARISON OF 300-K AND 1773-K SOURCE RELATIVE TRANSMITTANCES FOR THE MASS
EXTINCTION COEFFICIENT OF PHOSPHORUS

Phosphorus is one of the most common sources of militury smoke screens. An example
of the spectral structure of the mass extinction coefficient for phosphorus Is shown In
Figure 4. for a relative humidity of 70%. Phosphorus-derived smoke is hygroscopic. The
shape and magnitude of the mass extinction spectrum Is dependent on relative humidity.
Transmittance as a function of concentration length has been computed for phosphorus-
derived smoke at 17%, 50%. end 90% relative hunldity and spectral source temperatures
of 300 K and 1773 K. The same atmospheric and radiometer response characteristics as
used In the first example have been assumed. The Electro-Optical Systems Atmospheric
Effects Library (EOSAEL) model, COMBIC, uses band-averaged mass extinction coefficients
with the Beer-Bouguer transmIssion law to compute transmittance as a function of
concentration length. This approach does not Include the effects of source spectra or
system response characteristics In the computation of iransmlttance, and Is the method
commonly used for estimating band-averaged transmittance through a smoke scren. Trhe
Reer-Bouguer transmittance as a function of concentration length using a band-averaged
mass extinction coefficient was included In the computations as a point of reference.
Figures 5 and 6 show the results of using equation 4 to compute the 3- to 5-pm band-
averaged transmittance as function of concentration length through phosphorus-derived
smoke for relative humidities of 17% and 90% and for source temperatures of 300 K and
1773 K. In this band, the band-averaged mass extlnctlon coefficient transmittance
estimate besT approximates the band-averaged transmittance at 17% relative humidity,
1773 K source temperature, and for traiismittance greater than 0.1. These effects are
reversed for the 8- to 12-pm band computations shown In Figures 7 and 8. Here,
agreement with the Beer-Bouguer transmittance estimate using a band-averaged mass
extinction coefficient more nearly agrees with the band- averaged transmittance ut 90%
relative humidity. The differences In transmittance due to source spectra at relative
humidities of 17% and 90% are shown for the 3- to 5-pm and 8- to 12-pm bands In
Figures 9 and 10, In Figures 9 and 10, the ratio of band-averaged transmlttances for
300-K relative to those for 1773-K source temperature spectra are plotted as a function
of concentration length.

5. CONCLUSION

Physically, the results In both examples are not difficult to understand. The
largest value of the mass extinction coefficient occurs at the shortest wavelength In
the band, Most of the energy in the 1773-K source occurs at the shortest wavelength
In the band, where the smoke/obscurant will be most effective In attenuating the source
energy. Most of the energy In lower temperature sources occurs at the longest
wavelength, where the mass extinction coefficient Is the smallest In the band and
therefore the smoke Is least effective. Therefore. the relative transmittance of the
cooler target Is higher because of the mismatch between source and extinction coefficient
spectra.

It should be clear!y understood ihat calculations In the example uhere the mass
extinction coefficient varies Inversely with wavelength are not universally applicable.
The calculations for this example apply only for the assumptions made for the analysis
In order that a closed-form Integration could be performed using the band averaging
Integrals In Eq. (4) for the relative t.'ansmittance. Neverthelss, the computation Is
reasonable for natural fogs, and the trend should also apply for any obscurant whose mass
extinction coefficient varies approximately Inversely with wavelength In the band of
Interest.
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Figure 2. Sooke transmittance over the 3- to 5-po band for black body uource
temperatures of 273 to 400 K relative to that for 1773 K.
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Figure 3. Smoke transmittance over the 8- to 12-yo bond for black body source
tempelratures of 273 to d00 K relative to that for 1773 K.
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Figure 6. Comparison of 3- to 5-pi tranomiosson for black body source temperatures of
300 K and 1773 K and 90% RH phosploorus smoke with COMBIC prediction using
bond-averaged mass extinction spectra.
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Figure 10. Smoke tranomission ratio In 3- to 5-Mm and 8- to 12-pm bands for block body
source temperatures of 300 K atid 1773 K for 90% RH laboratory phosphorus mass
extinction spectrum.

Significant differences have boon shown to arise between transmittance estimates
made using approximailons Involving band-averaged mass extinction coefficients In the
Beer-Bouguer transmission law and direct computations of band-averaged transmittance for
phosphorus-derived smoke. This example shotad that as the concentration length
Increases, varlatlons In spectral structure In the source and mass extinction coefficient
can cause the band-averaged mass extinction coefficient approximation to be significantly
In error.

This analysis shows that flield-measured transmittances through smokes/obscurants
hiving spectral structure In the mass extinction coefficlent cannot be compared directly
between transmissometer systems having different spectral responses. Similarly, the
transmittance data obtained with a transmissometer over the same spectral band as that
uned by a particular CO system cannot be appi led directly to the evaluation of system
performance relative to smoks/obscurant screening capability. The observed transmittance
through a smoke/obscurant with a transmissometer or EO system Is the result of averaging
the spectral transmittance of the smoke/obscurant being observed over the spectral
respmnse of the IransmIssometer or ED system. If the spectral responses of any two
systems are different, then the band-averaged transmittance through the smoke/obscurant
can be expected to be different.

A method has been presented for computing constants that will allow band-averaged
transmlssometer system measurements to be related to narrow-band measurements through
measurements of optical depths for each band. The method for computing the constants
has general appl Icabil Ity to the estimation of band-averaged transmittances for virtual ly
any EO system If the band response characteristics of the systehn are known. After the
constants for a specific system are determined, then the band-averaged response Vf a
system to a smoke screen can be specified with three parameterse 1) the mass extinction
coefficient for the reference narrow band, 2) the concentration length, and 3) the two
constants, a and b, which are system specific. The constants are used In a simple
exponential function rather than In complicated Integrals to express band-averaged
transmittance. The exponential function has as an argument a constant multiplying the
concentration length raised to the power of the second constant. The first constant
multiplies the concentration length In the same way the band-averaged mass extinction
coefficient multiplies the concentration length In the approximation using the Beer-
Bouguer transmission law. This constant, however, Is not a mass extinction coefficient.
The second constant Is the value of the band-averaged transmittance for a particular
value of concentration length. However, when the spectral factors In the band-averaged
transmittance are changed, these constants change. Therefore, It Is Important that
standardized atmospheric, smoke extinction spectra, and electro-optical sensor conditions
be chosen for computing these constants.
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SUMMARY

The IMTLRB model characterizes the effects of clear air optical turbulence on electro-optical (EO) imaging
devices and laser transmitters operating in the atmospheric surface boundary layer and is valid for
wavelengths from the visible through the far infrared. Similarity theory and the Kolmogorov principle of
universal equilibrium are employed to characterize optical turbulence structure over regions typical of
applications, based on simple environmental observables. A profile for the refractive index structure
parameter is estimated, then used as input to a weak. perturbation propagation model. Receiver coherence
diamet er, log-amplitude variance, scintillation averaging length, isoplanatism effective path length, and
related subsidiary propagation statistics are then estimated for a selected propagation path. Outer and
inner scale profiles are also estimated for advanced applications. Model results for two sample cases are
discussed.

1. INTRODUCTION

It is well understood that irregularities in the atmospheric refractive index result in distortion of propagat-
ing clectromagnetic waveforms. In a landmark analysis based on the work of Kolmogorov,i2' it was
postulated that a primary source of such irregularities is the turbulent motion of the atmosphere in the
presence of temperature and moisture gradients. It was further postulated that these irregularities possess
a quantifiable statistical structure.3 The validity of these postulates is generally accepted, and the term
"optical turbulence' has come into general usage to denote random, turbulence-induced fluctuations in
the atmospheric refractive index.

When an electromagnetic wave propagates through an atmosphere where optical turbulence is
present, the wave front acquires a progressive degree of distortion. Departure of the phase front from its
nominal shape results in a decrease in registered image quality for EO imaging systems. Images appear
distorted and blurred. A laser beam exhibits an increase in beam diameter in excess of that predicted by
diffraction theory. In addition, the entire beam is subject to optical turbulence-induced random transla-
tions of the beam centroid, a phenomenon called beam wander. The purpose of the IMTURB model is to
quantify these and related effects.4

IMTURB differs from typical propagation models for optical turbulence in that a profile is calculated
for the refractive index structure parameter (often referred to as a 'C. profile') from simple meteorologi.
cal and environmental information. Previous methods often relied on the use of one or more measured
point values for the refractive index structure parameter. From these measurements, profiles were
extrapolated by a scaling law. 5 In the region of the atmosphere where terrain surface features play a
significant role in determining optical turbulence structure, such an approach may impose severe limita-
tions. This region of the atmosphere, called the surface boundary layer, ranges in height from tens to
hundreds of meters depending on atmospheric conditions. Above the surface boundary layer, the degree
of statistical consistency over regions commensurate with propagation path length may be such that point 1'
measurements of C. or even free atmosphere models may be adequate to specify global optical turbulence
structure. This is the case with many astronomical applications. However, within the surface boundary
layer, a propagation path may cross several differing optical turbulence regimes, each driven by slightly
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different environmental factors. Point measurements, extended to a profile with a power law and

extrapolated over the total propagation path, may give rise to misleading results. In response to the

problems inherent in modeling this scenario, IMTUXB employs environmental parameters exhibiting

statistical consistency over regions consistent with most laser transmitter and imaging applications.

In the complex environment of the atmospheric surface boundary layer, a precise and comprehen-

sive description of surface energy fluxes driving the optical turbulence mechanism is difficult. The

number of observations necessary to quantify point-specific behavior of the surface fluxes is greater than

available even in well-instrumented field experiments. In addition, spatial and temporal variations in

environmental factors along the length of the propagation path challenge the validity of even the most

carefully performed site characterizations. To combat these difficulties, the modeling basis for IMTURB
combines the micrometeorology of the atmospheric surface boundary layer with the well-understood and
documented weak fluctuation theory of electromagnetic propagation through optical turbulence.4 7,49 To
characterize the micrometeorology, Obukhov similarity theory1 1 u'"2 is used to determine basic flux profile

relationships. The Kolmogorov principle of universal equilibrium1" employs these relationships to define

profiles for the turbulent inner and outer scales and the refractive index structure parameter. Both
Obukhov similarity theory and the Kolmogorov principle of universal equilibrium are concerned with
modeling the behavior of surface energy fluxes in a statistically consistent environment. Therefore, the
shape of the calculated C.' profile reflects the total environmental state more completely than would a

profile obtained from a scaling law. A profile for outer scale occurs naturally in the application of the
universal equilibrium principle; inner scale is obtained using a method described by Ochs and Hill.14

Although the version of IMTURB currently available through the Electro-Optical Systems Atmospheric
Effects Library (EOSAEL) uses the Kolmogorov spectrum to calculate propagation statistics, planned
updates include extension to strong perturbation theory and use of the modified von Karman or Andrews
spectrums.15 Profiles for inner and outer turbulence scales are included for advanced applications.

2. MODELING OPTICAL TURBULENCE STRUCTURE

Obukhov similarity theory is used to calculate surface energy fluxes and related quantities for a specified
geographical location, date, and time of day. The meteorological observables requirLd are percent cloud
cover, and a value for temperature, pressure, and wind speed. The earth's aerodynamic features are
summarized by specification of a roughness length"6 or by calculation of a roughness length from an
observed roughness element.17 The algorithms used by IM'RITRB to estimate flux profile relationships
were first proposed by Stewart'5 for use in determining turbulent velocity spectra over complex terrain.
These algorithms were later refined and extended19 to calculate C, and outer scale profiles. The computa-
tional flow detailing calculation of these profiles is as follows.

From latitude, longitude and Greenwich mean time (GMT), solar zenith angle may be calculated.
From solar zenith angle, the amount of solar irradiance on the earth's surface in the absence of cloud cover
may be estimated for the specified location and time." Knowledge of percent cloud cover allows
determination of global irradiance and radiation class,2 1 and a first estimate of sensible heat flux.' Mean
horizontal wind speed, atmospheric pressure, and temperature, estimated for a specified height within
the surface boundary layer, may be combined with radiation class to estimate the Pasquill fractional
stability parameter. When combined with terrain roughness length, the Pasquill fractional stability
paxameter allows estimation of both the Obukhov length and scaling ratio.' The scaling ratio appears as
the independent variable in the dimensionless wind shear and lapse rate, both basic quantities from
similarity theory. Two forms for dimensionless wind shear and lapse rate are included, one proposed by
Businger,2' and the other by Hansen.'5 From either of the two forms, the corresponding diabatic
influence functions are calculated. An equation deriving from basic similarity relationships involving
mean horizontal wind speed and the diabatic influence function for momentum allows calculation of A
friction velocity?,

Knowledge of a value for temperature, used in the similarity equation defining characteri:itic
temperature, allows an independent second estimate of sensible heat flux. To maintain consistency among
the similarity parameters, an iterative scheme is employed to adjust friction velocity and Obukhov length
so that values for sensible heat flux predicted by similarity theory and solar irradiance are in agreement.
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From this adjusted set of parameters, profiles are obtained for both potential temperature and the
potential temperature gradient." Sufficient information now exists to estimate profiles for the potential
temperature structure parameter and, ultimately, the refractive index structure parameter.

Rigorous development of the theoretical link between the gradient profile for potential temperature
and the profile for the refractive index structure parameter may be found in Tatarsksis and Ishimaru.,10
The refractive index of the atmosphere is a function of wavelength, temperature, pressure, and specific
humidity. For optical and infrared wavelengths, humidity over land is negligible, and the refractive index
may be expressed as3"

+776 P (I [ 7.2x 10-3 k-2] 10-6 (1)

where P is pressure in millibars, K is temperature in 9K and X is wavelength in micrometers. This
expression, when combined with the mean potential tem erature gradient, results in the following
approximation for the gradient of the mean refractive index

8n (-77.6 x 10- 6 P) [I + 7.52 x 10- 3 k-2 ] * Ozh (2)
8Z k z(0-a z)P IL

where n is mean refractive index, 6 is mean potential temperature, z is height above ground in meters, ca
is the adiabatic lapse rate, k is von Karman's constant, T* is characteristic temperature, and (Dh [1) is
dimensionless lapse rate. Used with results from the Koimogorov principle of universal equilibrium,
Equation (2) allows calculation of protiles for the refractive index structure paramneter.MI

3. PROPAGATION STATISTICS DESCRIBING SYSTEM PERFORMANCE

For each propagation path through the atmosphere, a choice of statistics may be estimated describing loss
in system performance due to optical turbulence. The statistics chosen for IMTURB derive from a
comprehensive and flexible propagation model based on weak fluctuation theory34 wherein all propaga-
tion statistics are weighted integrals of the refractive index structure parameter over the propagation path.
The four basic propagation statistics are (1) receiver coherence diameter, (2) log-amplitude variance, (3)
scintillation averaging length, and (4) isoplanatism effective path length. Subsidiary statistics include
limiting resolution source length, isoplanatism source size and normalized intensity variance. Other
options available to the IMTURB user include (1) choice of plane or spherical wave, (2) spatial power
spectrum for log-amplitude and phase variations, (3) fast and slow modulation transfer functions, (4)
imaging optics resolution/transmitter beam spread, (5) heterodyne receiver analysis, (5) predetection
compensation analysis, and (6) normalized, aperture-averaged intensity receiver analysis. The four basic
propagation statistics are described below.

The receiver coherence diameter is the most widely known of the basic propagation statistics. It is
a fundamental measure of wave front distortion and is required for estimation of such fundamental forms
as the mutual coherence function and modulation transfer function. In an atmosphere free of optical
turbulence, an imaging system has the potential for virtually unlimited increase in resolution with
corresponding increases in optics diameter. However, when the same system Is operated in the presence
of optical turbulence, there is a diameter beyond which further size increases produce no significant
increase in resolution. This diameter is reflected in the receiver coherence diameter.35 Reciprocally, the
degree of optical turbulence-induced beam spread for focused or collimated laser transmitters may be
approximated from the receiver coherence diameter for spherical or plane wave propagation, respectively.

The variance of the log-amplitude ratio is a point statistic relating to optical turbulence-induced
random fluctuations in the amplitude of an electromagnetic wave. The log-amplitude ratio is the real part
of a complex stochastic integral describing electromngnetic propagation through optical turbulence.
Derivation and interpretation of this integral is a major concern of weak perturbation theory. This
propagation statistic, commonly called the log-amplitude variance,36 is useful in predicting the onset of
saturation, Saturation occurs when multiple scattering among optical turbules becomes significant; weak
fluctuation theory is then said to "saturate. '
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The last two basic propagation statistics are scintillation averaging length and isoplanatism effective
path length. The scintillation averaging length'7 describes the phenomenon of aperture averaging. As

"photon bucketw type photoreceivers increase in area, there is a corresponding decrease in the fluctuations
of measured intensty. Ile scintillation is said to be 'averaged' over the area. Apertures with diameters
one tenth the scintillation averaging length exhibit variations in intensity similar to those predicted for a
point, while apertures on the order of ten times the scintillation averaging length exhibit little variation
in intensity. The isoplanatism effective path length, used with receiver coherence diameter, defines the
isoplanatic angle and hence the isoplanatic patch.= Within a region the size of the isoplanatic patch, wave
front distortion is nearly constant, and image quality may be improved by the removal of wave front tilt.
Isoplanatic patch size is useful in the design of adaptive devices for partial correction of optical turbulence
effects.

In addition to the interpretive value of basic and subsidiary propagation statistics, IMTURB
provides path-specific fast and slow modulation transfer functions. These may be used in conjunction
with an image processing system to allow simulation of specified EO systems behavior in a controlled,
sterile environment.

4. SAMPLE MODEL RESULTS

Two sample scenarios are described here to illustrate typical model results. In the first scenario, Case A,
an EO imaging sensor operating at 1.06 microns and located 2 meters above the ground observes a target
500 meters distant and 11 meters above the ground. Spherical wave propagation is appropriate with the
source at the target. The site is White Sands Missile Range, New Mexico (USA), located at latitude 320
north, longitude 1060 west. The date is 31 May, 1984; the time, 1300 hours Mountain Standard Tmw' (MST),
translating to a GMT of 2000 hours. The day is cloudless; the upwind terrain is a broad region of desert
brush and scrub, having a tabulated roughness length of 16 cm. From a nearby observation tower with
sensors located 10 meters above the ground, air temperature is 350 centigrade, pressure is 850 millibars
(the altitude of the Tularosa Basin where the Missile Range is located is 4000 feet above sea level), and the
average wind speed is 3 m/s. IMTURB characterizes the atmosphere as strongly unstable, with the height
of the surface boundary layer estimated at 11 m. The set of basic and subsidiary propagation statistics for
Case A is given In Table 1. Note that log-amplitude variance is 0.206, Indicating that Case A is within the
limits of weak fluctuation theory.

Table 1. Basic and subsidiary propagation statistics for Case A.

&sic Propagation Statistics Subsidiary Propagation Statistics

Receiver Coherenice Diameter 1.54 centimeters Limiting Resolution Source .Lenh 3,89 centimeteri

Log-Amplitude Variance 0.206 nepers.•uared Isoplanatism Source Size 3.26 centimeters

Scintillation Averaging Length 2.78 centimeters Normalized Intensity Variance 1.28

Isoplanatism Effective Path Length 117.7 meters

The conditions chosen for Case B illustrate the significant difference in optical turbulence structure
arising from relatively minor changes in environmental conditionq. The location, terrain, time of day,
temperature, and pressure are identical to Case A. However, cloud cover has increased to 25% and wind
speed to 5 m/s. IMTURB predicts a moderately unstable atmosphere with the height of the surface
boundary layer near 43 m. The basic and subsidiary propagation statirtics for Case B are listed in Table 2,
from which we see that log-amplitude variance is reduced to 0,092, well within the bounds of weak
fluctuation theory.

I h! "
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TabWe 2. Basic and subsidiary propagation statistics for Case B.

Basic Propagation Statistics Subsidiary Propagation Statistics
Receiver Coherence Diameter 2.65 centimeters Llmitin Resolution Source Length 2.26 centimeters
Log-Amplitude Variance 0.092 nepe,-uared Isoplanatism Source Size 5.25 centimeters
Scfntillation Averaging Length 293 centimeters Normalized Intensity Variance 0.44
Isoplanatism Effective Path Length 12.5.99 meters III

Due to space limitations, the variety of atmospheric stability and similarity parameters descriptive
of the micrometeorology have been omitted. However, we have included profiles for the turbulent inner
and outer scales, and the refractive index structure parameter. These profiles characterize the optical
turbulence structure over the region encompassing the propagation path and are adequate even for
advanced applications. The three profiles for Cases A and B are listed in Figures 1, 2, and 3. All profiles
are terminated at the maximum extent of the surface boundary layer, by definition the absolute value of
the Obukhov length. Note that outer scale follows the rule-of-thumb for unstable atmospheres, i.e., outer
scale approximately equals height above ground. Inner scale exhibits the dependence on wind velocity
observed by numerous investigators. The severity of optical turbulence can be determined from the C2

profiles, as shown in Figure 3. Notice that optical turbulence strength decreases rapidly with height in
both cases. For these examples, one would expect significant degradation in performance for EO systems
operating in the visible to near IK, and in the far IR over longer ranges. Values for the receiver coherence
diameter of 1.5 cm and 2.6 cro for Cases A and B, respectively, attest to this fact.

Related to the receiver coherence diameter is the subsidiary statistic limiting resolution source size.
This is the maximum resolution possible for the propagation path and wavelength regardless of optics
size. In terms of laser performance, the limiting resolution source size is the 'spot" size of a laser focused
to a point. In Case A, the value is 3.9 cm; .for Case B, 2.3 cm. In the former case, a sensor would be able to
resolve nothing smaller than 3.9 cm on the target at 500 meters. In Case B the same system can re:,olve
details as small as 2.3 cm.
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Figure 1, Plot of the turbulent inner oale with height for Figure 2. Plot of the turbulent outer scale with height
C4e A and B. for Casem A and B.

Figure 4 provides a comparative plot of log-amplitude variance with range for Cases A and B. The
increase in range of validity for weak fluctuation theory in the latter case is noticeable. The relatively short
distances to saturation in comparison with normal engagement ranges is a strong incentive to extend
model results by use of strong perturbation theory. It is also instructive to plot receiver coherence
diameter vs. range for Cases A and B. Referring to Figure 5, we see that as range Increases, the integrated
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effect of optical turbulence is evident, as is the consistently superior performance of the system operated
under the environmental conditions of Case B.
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Figure 3. Plot of the refractive index structure parameter I-Igure 4 Plot of the log-amplitude variance with
uith height for Cases A and B. range, extended to saturation. The sensor isat 2 meters

and target is at 11 meters (Cas A and B).

An interesting property of certain propagation statistics that occur as integrals over the propagation
path is the phenomenon of path weighting. For spherical wave propagation, receiver coherence diameter
exhibits this trait. Consider a scenario identical to Case A with the exception that the sensor and target
positions are reversed. The receiver coherence diameter calculated for a sensor at 11 meters and target at
2 meters, with a path length of 500 meters, is 2.6 cm. This represents, coincidentally, the increase in system
performance of Case B over Case A. A plot of receiver coherence diameter vs. range for the two
sensor/target geometries is given in Figure 6.
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Figure S. Plot of the receiver ¢wherence diameter uith range Figure 6. Plot of raeever coherence diameter vs. range
for a saisor at 2 meters and target at 11 meters (Cases A for Cam -A, and with target and optics positions•
and B). reversed. ,



Perhaps the most excitiug application of the IMTURB model arises from its use in simulating

degradation due to optical turbulence using digital image processing techniques."' 40 The Atmospheric

Sciences Laboratory (ASL) has incorporated an IMTTURB clone into ASL's library of models for simulation

of atmospheric effects on system performance, called BATL. BATL is currently under development at the

ASL Image Processing Laboratory and employs a Gould [P8500 w:Zh Real Time Digital Disk and VAX

11/780 host computer. Examples of image degradation due to optical turbulence performed in near

real-time using a convolution technique are given below. Figure 7 shows an image of a tank taken at a

far-IR wavelength over a 2330 m path. Figure 8 is the same image, viewed over a horizontal path through

moderate optical turbulence. If the sensor is raised about 10 meters above the ground, we see that optical

turbulence effects are reduced, as shown in Figure 9. Figure 10 demonstrates the blurring effect sevre

optical turbulence produces.

Figure 7. Image of a tank taken at afar-IR wavelength over a 2330 m path.

-0 0

0 0

Figure S. Same image as above but viewed ver a horizo ntal path through moderate
optical turbalence.



Figure 9. Optical turbulence effects are reduced when the sensor is raised about
10 meters~ abovwe the ground.

,LCL
0-

Fgure 10. The blurrng effec severe optical turbuLence produce$.J
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DZXUSCUIZO

V. T]IXERKAK

Ground humidity turned out to be a very important input parameter in models for Cn2. Do
you plan to include this in future version of your model in order to make it more ap-
plicnbie to mid-latitude conditions?

AUTIOR'S UPLY
We certainly do. I realize that similarity theory allows for prediction of dq/dz, but I
am uncertain how to do this best from a readily obtainable source; that is, the readily
obtainable meteorological parameters. I will contact you later to obtain your sugges-
tions. They will no doubt be valuable.

I.i
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Atmospheric Modelling Studies:

A Modelling Comparison Between IR and Millimetric Atmospheric Propagation.

AR. Tooth,
Advanced Information Processing Dept.,

British Aerospace P.L.C.,
Sowerby Research Centre,

Pilton,
Bristol BS12 7QW.

UK.

Summary.

When viewing through the atmosphere, whether by naked eye or with some electro-optic sensor, your
viewing performance is largely dictated by the composition of the intervening atmosphere. The composition
of this atmosphere is continually changing with tho fluctuations of the prevailing meteorology and will also
differ in different geographical locations.

Despite the fact that it is known that prevailing meteorology affects sensor and consequently overall
system performance the phenomena is seldom explored and is often made excessively complicated. A
technique developed at the Sowerby Research Centre, at British Aerospace, allows the meteorological effect
to be rigorously, but simply, evaluated.

Using the technique we have developed, in conjunction with atmospheric propagation models, for example
LOWTRAN, we are able to perform realistic comparisons between different waveband IR systems and
different millimetric frequency systems.

1. Introduction.

It is commonly accepted that the performance of electro-optic systems in particular, and other systems
in general, is affected by the prevailing meteorology (weather). For example, the shorter wavelength systems
(infra-red) used for communication links propagating through the atmosphere are critically dependent upon
the prevailing weather. The longer wavelength systems too are not immune to the effects of weather, albeit
to a lesser extent. However, when such systeam are mathematically modelled this major factor contributing
to system performance is often only given a cursory acknowledgement. At the BAc. Sowerby Research
Centre we have resolved this problem by trying to find straightforward relationships between meteorology,
properties of the atmosphere, and system performance,

The vital link between meteorology and system performance is miLde through a series of models, the
majority of which we have developed ourselves and include models £iu, target and background radiance,
turbulence and the probability of achieving a cloud free line of sight or field of view. The internationally
accepted LOWTRAN models, Ref. 1-3, are often used to relate meteorological data to atmospheric proper-
ties such as scattering and absorption, etc which in turn give rise to atmospheric transmission for specified
wavelengths. A modified version of EOSAEL, (Electro.Optic System Atmospheric Effects Library), Ref. 4,
provides similar information for the millimetric frequencies. The transmission is then used in conjunc-
tion with the other atmospheric models, and system models which describe the physical properties of the
transmitter/receiver/target signature of the system in order to predict total operational performance.

In this paper we describe the techniques that we are currently using and a recent study to compare IR
and millimetric atmospheric transmission,

2. The Use of Meteorological Data,

In the past it bha been common practice to use average or synoptic meteorological records for modelling
purposes, but statistically derived data OF this nature has lost the all important correlation between the

individual meteorological parameters. Th"I is to say, a predicted value or ,tatistically derived value of
any meteorological parameter need not necessarily occur at the same time as any other predicted value.
For example the average value of temperature wilV seldom occur at the same time as the average value of
humidity or at the same time as any other average value.

We have found that using non correlated meteorological data gives rise to results which can be very
misleading; in practice you are evaluating a system for conditions that in real life do not occur. We have
also found that it is dangerous to ssesms 'weather related' effects In Isolation from the interactions between
the various constituent parts of the system and the system as a whole because thIs too can lead to a
distorted view of total system performance. We have now devised a technique to predict 'All Year All
Westher' systen performance which has the ability to maintain the vital correlation bel wvee meteorological
parameters. The technique also preserves the gross, but never the less interesting, effects such as diurnal and
seasonal performance variations. One must also appreciate that just as meteorology varies from geographical
location to location (deployment area) system performance will also vary and this too must be taken into
account if a full and representative evaluation of a systeni im to take place.

When using cur technique, firstly, a data base has to be constructed which contaLin a year's period
of meteorological data. The meteorological descriptions required for the dta, base are collected from the
geographical area of interest via the UK Meteorological Office at ]racknell and have been collected at 3
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hourly intervals. The parameters within the data base usually cover phenomena such as visibility, cloud
detals, precipitation, temperiture and humidity, etc.

The performance of each constituent part of the system (usually electro-optic or millImetric) is evaluated
at each of the 3-hourly resolution steps throughout the data base (i.e. 2920 individual evaluations take place)
in conjunction with the results from the atmospheric models. The sub-system results so obtained are then
combined and a measure of total system performance obtsined. The performance measure obtained at eac
step, for example a probability of target acquisition, is averaged at the end of the year's assessment in order
to achieve an 'All Year All Weather' system performance.

3. Choice of Meteorological Data.

In order to achieve a realistic performance assessment care must be taken to ensure that the year chosen
for the meteorological data base is a 'normal' year, i.e, not a year containing abnormal va'iations of weather
such as very high or very low temperatures, excessive precipitation, etc as these could lead to unrepresentative
results, To alleviate the problem of choosing what year to use we often do not choose a single year but
several consecutive years, normally a ten year period. The ten year period is then statistically sampled,
Ref. 5, in order to produce a single year which is 'representative' of the ten years of data. This technique
enables the important correlations between individual items of meteorology to be maintained. However the
lesser important correlation between adjacent time intervals is lost.

i, validation exercise has shown that there are only small differences between the cumulative probability
of occurrence curves derived from the 'representative year' and the curves derived from the original ten years
of data. Sample of the validation curves are shown in Figures 1 and 2.
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Figure 1. Validation of data bae - Air Temperature.
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Figure 2. Validation of data base - Present Weather Code,

A further Set of comparisons (using the 50% level) between the 'representative Year' and published
Meteorological Office data has led us to accept the validity of our data reduction technique,

A development of the technique described above allows data from different but adjacent geographical
locations to also be combined into a single'representative year which can then be used for system assesments.
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4. Infra-red vs. Millimetric Study.

In a current study, which uses the techniques described above, we are evaluating the all year vaitions
between millimetric and infra-red atmospheric transmission. A small selection of the results which have
been obtained are shown in Figures 3-6, These results are in the form of IR transmission vs. millinetric
transmassion for identical meteorological conditions. The IR wavelength transmissions have been predicted
using LOWTRAN for both the 3-5 pm, and 8-12 jim. wavebands. The millimetric frequency transmissions
have been predicted using our modified version of EOSAEL for 22, 35, and 94 G~s, Each of the following
presented figures contain 2920 individual assessments of atmospheric transmission using meteorology from
our meteorological data hue for Northern Europe, a constant one way path of 5 km, has been used. Figure 3
compares the atmospheric transmissions of 22 GH011 and 35 GHs,

."-
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Fig~ure 3. Comparison between trasmisnsion at 22 GH% and 35 Gila.

An expected the comparison shown in Figure 3 Indicates that for the majority of occasions (85% of the
time) the 36 Offs. frequency gives larger transmission values than the 22 Girm frequency. The occasions
when 22 GHs, achieves higher transmission than 35 GHx, are attributable to rain events which &ffects the
higher frequencies more than the lower frequencien,

If' we consider IR transmission aganst that of millimuetric, Figure 4 compares 3-6 urn. transmission
against 94 Glls, We can Bee that on all occasions the millimetric transmission is higher than that of the
IR waveb~nd, However the transmission performance from the 8.13jum, waveband, as shown in Figure 5, is
greater than that of the 3.Spin. band but still does not equal that of 94 GH%,
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Figure 3. Qompaxison between transnalasicm at 22 - 5av and 95 Olls,
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Figure 5, Comparison between transmission at 8 - 13pom. and 94 GHz.

Finally, Figure 6 compares 35 GHz. trasrnission against 94 GH-, It is interesting to note both the supe-
riority of 35 G(Hs. and the overall trend of the data, These modelled results have been favourably compared
with measured IR and millimetric transmission data obtained by the Radio Communications Research Unit
at the Rutherford Appleton Laboratory, Ref. 6.
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Figure 6. Comparison between transmissiun at 35 G~H and 94 GHz.

S. Con~clusion.

We have developed a flexible but yet ilgorous technique to help evaluate the effects of meteorolugy
on system performurnce, and we have shown the relative magnitudes of IR and ndllimetric atmospheric
transmissions. The philosophy of our technique is to use the atmospheric properties of the environment
in order to 1-f-dict the systewn ptiformanco that could be anticipated if that system was operating in a
particular S, graphical area. Variations in performauce may be produced on is yearly/seasonal/ diurnal
basis for any geograplbcal area where the meteorological records are available,

t
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Office National di2tudes et do Reabercho. Adrompatiaies

SP 72, 92322 Chatillon Cedex, France
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lii UIN

Un. m6thode do caicul rapid.s do i& tran~smission infrarouge ect d~crito ell*
permet d'effectuer des caicula do transmission our des trajets horizontaux avec un. tr64
bonne pr6cision. Deiix examples d'application do cetto m~thods sont prisentic ; Is
premier concerns I& description d~un. station m~t6orologique peruottant i& d~tormination
do la transmission infrarouge sur Is terrain, is douxibue eat Ia r~aiisation d'un atlas
do Ia transmission infrarouge on France.

1. INTODUCTION

Avec 1. dAveloppenout des syst~~mes optroniques at Ilutilisation accrue do mat~rials
fonctionnant dens linfrarouge, I* connaissanos dos perturbation$ induites par
llatmosphire apparalt aujourd'hui comae une exigance fondamentale. Ce bevoin olexerce
depuis is conception jusqu'A l'utilisation do coo mat~rielm.

Au cours do I& conception do coo instruments at 46 i'4vaiuation pratique ou
th~orique do leurs performances, ii eat on of Let n~cessalre do disposer do dohkn~eu
statistiques our Is transmission atmosphirique our lee types do trajets onvisages at
dens 1ea lieux consid~rls.

Lore do lour utilisation op~rationnelle, ii ect int~ressant do disposer do noyens
pormettant d~optimimer 1* choix du domains spectral du systime Warme A engager suivant
los conditions deonvironnoment ext~rioures rencontr6es. Your ceci, ii eot donc
n~cassaire do disposer Go modiles Liables, rapides en temps Ge calcul at fonctionnant
our do petits caloulateurs. Lsc donnhes dlentrie do coo mod~les doivent Otro lea plus
simples possibles et facilement mesurabloc our 1* terrain.

Apr~o avoir pasob rapidement an revue lea ph6nom~nes r~gissant Is transmission
infrarouge, une m~thode do calcul rapides do ia transmission infrarouge sera propos~e et
d~vrite. Deux exampies d'application seront encuite pr~sent~a ; Is premier concerns is
description d~une station mit~oroiogique permettant Is d~termiustion Ge is transmission
infrarouge sur Is terrain, 1s douci~ne eat Is r~slisation d'un atlas do Is trnauasission
infrarougo en France.

2. PNJUMMNIN PXY5XOU3S RBOX95ANJT LA TRANINZIIIOM ZNVRAROUGS

Dana lint rarougo, lea ph~nom~neo entrant en jeu pour attinuer Is royonnement
transmis par llatmosphkre sent 1 absorption at i& diffusion par lae constituents gazeux,
d'un. part, at iabsorption at Is diffusion par lea particuims solides ou liquid.. on
suspension % sarosols, brume., brouiliarda, piuie, neigs, nuages, sAreosos produite
artificieliement, d'autre part. Nous nous limiterona Lei au coo Ge Is transmisaion
atmoophiriqueocur un trasjot horizontal au voisinage du sol dons uns atmosph~re
natureile ; noun no prendrons en compto ni I& pr~mence Ge nusges, ni lea sarovol.
produits artificieliement, toel qu'on low trouve our Ie champ do bataillo [1, 2].

Use probl~mss poc~s par Is calcul sont diff~westo cuivant qulil slagit dos gax ou
des particuiem ; nouc allons lax traitor successivemsnt.

2.1. Diffusion mol~aulaire et absorption par lea gaz

La diffusion par l*a gan so traits par Ia diffusion Rayleigh. Le coefficient do
diffusion sot, dens c. ass, inversement proportionnol & is puissance quatribme do is
lonusuur dloins

L'aboorption par lea gas dons linfrarouge oact un ph6riombns extr~moment variable
avec Is longuour G~onds, car lea gaz prcsontent un grand nombre do raisen d'absooption

* Gent Is largeur typique eat 49 0,1 cm"', dons lem conditions normalem Go tempbraturea ot
do prosuion.j

Cette absorption pout is calculor Go mani~re exacts en utilisant des codes do
calcul dits haute r~solution ou mais par rain (3, A, 5], qui prennont an compte toutes
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lam raise deabsorption caract~riatiquos dam gas actits dasn Is domain* spectral
consid~rA ces codes niesasitent des temps do calcul important. dams Is cam
dlintervalles spootraux large*. Lour utilisation met cependsnt indispensable pour 1.
caloul do Is transmission do faimsceux laser.

Noua noun limiterona ici au cas do Is transmission dom.e use bonds spectrai* largo
(trba supirisure A 20 cm'1). Dane ce cam, des modiieu do bands pouvent *tre utilisas.
Lour principe consists A supposer une distribution simple pour lee intensit~s at lam
pouitions dos rsiom do miinibro A pouvoir csiculer ais~ment lea cootticients d'aboorption
moyens sour tine band. spectrale large par rapport & Is isrgeur dos ratsi.

Vu des modblex do bonds lt plus connu dams lea applications staosph6riques out I.
mod~l. LWVYRANU dbveloppA par l'AIGI [4, 7]. Los absorbants gaseux: prig on compte dams
LOWTIhN sont :Is vapour dlest, l1osone, les gas uniforsm~mot m~lang~s (Cos. NHO, CH 4 1
CO, 0. at N').

L~e calaul do Ilabuorption par Ism gas stir un trajet donn6 pout so fair* an
utilimant LOWMIAN A condition do counaltre la longusur du trajet, 14 pression, Is
tsmp6rature, Is quantit6 do vapour desau (ls connaisosnce do I& quoutit6 dezon. nlest
pas n~cosgaire al on ms limits A dos altitudes ing~rimures A 10 ka).

La pr~cision doa caictals eat bonne ot les r~suitato ont 6t6 valid~a tout aui moins

pour des distances inf~rieuros A 10 km.

2.2. Absorption at diffusion par lea particuems

L'sboorption et Is diffusion par lea particules variant nottement mains svoa Is
longuour Wands quo dama I. cam des gas. Pour leam caculor, il faut connaltro Is
coefficient d'aboorption ota do diffusion. Caux-ai sont fanation do I& distribution do
taille des pmrticuloii. do lour forms, do Ilindiem do r~fraction complex., do ia longuour
doods ; iii me caloulent en utilisant is th~orie do His dans Is cam do particules
aph~riquos [U]. Plus r'&comminet, dos codes ont 6t6 at* au point pour Is cas do perticule.
non-sphkriques do formes partioulifres E93.

Coepndant, I& soul* meaiure n6t~orologiquo syst~matique permettant d'appr6hender Is
contonu en sarosois tot I. assure de visibilitA qui persot d~obtenir Is coefficient
d'extinction du milieu A 0.55 pm A laid. do Is formula

4Y(0,55) w 3,92/VZE. (1)

ZI n~existo toutofois pan do relation univoque entre I. coefficient dlextinction &

0.55 pam at is coefficient d'extinction dams linfrarouge.

Dane LOUlTRAN, leam sarcisls do Is bass* atwosphhre sent d~finis par lour typo
(rural, urbala,, meritimo) et par 2a visibilitb. Pour chaque typo d'a6rosol, set gournie
Is correspondence ontre Ia visibilit6 oti coef ficienat ds*xtinatioa dans Is visible ot lea
coefficients d'sxtination sux difg~rentes longuours Wands infrarouges. Le aboix du type
dla~rasol met Ilune des principalo. difficult~a rencontr&*o, is problbsm oat un pou
aaoins d~licat dans 1s cas des brouiliards ot do Is pluie.

Vas m~thode pour choisir Is typo d'a&romol more propow~o doen Is suite. Nile oat
basA. sour Ilexploitetion des r~uultast do masures do transmission infrarouge of fectu6os
au cours du programs. OPAQUNEIO1, 113.

3, DNNCIIP"X0 DI LA NITEDN DE CMLCUL WIZDE

Compts tonu des probl~mos diffkoents powds par ].a calctul do Is transmission par lea
mol~cules at par lam partictiles, ii sot apparti important 4o pouvoir traitor s~par~fent
cam deaux types do contribution.

La promi~ro hypathiso sot quo is transamision do l'atmosph~reoustr in. trajot
hamog~no do longuour V, intigr~o our tin. band* apoctralo large (large par rapport A
20 ca-1) pout ol~cnri sncum Is forma d'un produit do doux termem

TT . To.7 (2)

ofi T~ eat Ia transammaion mol~culairs inthgrA. our Is widnb intervailo spectral at TIs
transmiaaion duo sum perticules. Cette hypoth~so eat bion v~rifi~o, opicialerent *done
lam tenitres do transmission atnmophirique (12]. p K
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3.1. Calaul do T

La transmission mol~culaira T. pout 016crira sous Is forms

S 1) (V) TN(V,D) dV

F 5 (V). R(V) dv

o6 S(V) eat Is luminance do 3s source au nombre donds V, R(V) eat Is r~ponso spectral*
do l~apparoil do manure at 'Ea(V,D) ant la transmission sol6culaire our le trajot D Au
nombro 4Weods V.

Le principe do Is afthode do caicul rapids consists A fairs des calculs dits exacts
avoc LOWTRAZI pout diff~rento. conditions at reprdsontor toutos les valeurm do T. ainsi
obtenuos par un polyn~aw dent lea coefficients @ent obtenum par uno mdthode des moindro.
carr~s. Four limiter 1e hombre do paramitris A prondre on compte, on no traitorti quo Is
cap d1un traJot horluental do lonquour variable au ras du sol, pour une fonction source
at uns r~ponse spectralom du r6cepteur cennum. Dons aw con, des csiculs doivent Atre
of fectii6s pour diff~ranta. velours do Is distance 9, do is tomp~rature do lair t at do
l'buinidit& relative RN3 ; lea valours choisios pour con train variables doivont couvrir
lansemblo dew conditions pour losquallos on veut pouvoir utiliser lea formulas do
calcul rapids.

Ua transmission mol~culaire T. pout mo calculor A laid. do Ia formula suivante

*YOXP[a, + aD + at' + a.44iii--n + a.4Jt-D + a4V+ a7 4i + *1jW-H + aWHS

+ a1 5NI EiW + Al V1) WHh 1(4)

otl at a., a,, a54 .~ a ,a,, a, , a, , a,, a,, a~ 1A a k t a,, sont d~ternin~s par uns

s~thodo des moindros carr6s, WN oat ls quantit6 do vapour on q-"8 tt :tomp~rature
r~duita (tt -t/273,15).

Do tolles formulos out 6t6 d~tormin6so dano diff~rents cam ;noun donnerons A titre
d~exemple low cam suivants

* 3 out un corps noir A une to2wp6ratureo up6rimure do VC A Is tomp6rature do lair
ambient;

* doux: con sont conaid6r~s pour 1., correspondant A dos r~ponsex spectral** typiques do
syst~mo doenIs bands 3-5 pAu ot dans la bands 8-12 ýhm (Fi". Is at 1b)

0.5

MPM)
0 _ _ _ _ _ _0

3 4 8 1 12

Fig. la - Rdponso spectialo du filtre 1. Fig. lb - Rsponse spertrale du tiltrollI.
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alIs valours do i& distance D sont comprises entre 500 a at 5 km r
a I** velours do Is tempirature do la'ir entre - 40" at + 40C;

* ls valours do 1'humidit6 relative mont comprises entre 20 ot 99 q.

Los coefficients obtenus sont donn6m done lox tableaux 1 at 2.

TABLEAU I TABLEAUII
Coefficients des Ccafficients des

polyn6mes donnant la polynOmes donnant la
transmission mollculsire transmission pour le

pour Ie filtre I iltre I4

0,161332860.102 - 0,101290891.103

0,149978170.102 "0,180136213.10-1

" 0,479665207.102 - 0,211764431.103

- 0,158601651 - 0,945825248.10-1

0,120748378 0,793163546

0,5333658U4.102 0,276443669.103

- 0,255794485 " 0,691683000

0,106168701.102 0,365343221.102

0.372892532.102 - 0,564004194.10.2

0,489623633.10-1

- 0,866948422.10.4

0,132029218.10-1

"- 0,4599119913.10-3

3.2. Caloul do T

On trait* ind6pondamasnt Is ooe dam s6rosols, du brouillard at do In pluie ; I&
transmission T• pout done m'6crire lous Is form* :

T, - T. ,b. x T. (5)

o6 T amt In transmission duo aux a6romol, T., collo duo aux brouillards ot T, cello
due a Ila plul,.

Pour Is calcul do Is transmimsion duo aux a6rosols, on traito sdpar6mont Is cam das
trois mod6le. d'a6rosolm : ruraux, urbains ou maritimes. Pour chacun do coo mod61el, In
formula utilisto sot is mulvanto :

T, - oxp[at + a, - R • 3IW +aS D• VI-1 +a4 • D • RH-8 + a, • D - RHW-1 VZS-'+ 1)

+ km. VaIr-+'a+ a,. D' - VXIB'+ a,," D - RH-'/s+ &Alt D - VIS"is

+ a t- D • vir-'. u'r/2+ ao,* D - RH-" • V-1/'J. (5)

o* ax oat Ilhumidit6 relative on % at VIa Is visibilit6 an km. De tolle. formulas ant
6t4 d6tormin6ao pour lea conditions cit6*s pr6c6demmont at pour doe valours do 1.
visibilit& comprises entre 50 at 1 km. Los coofficients obtanus scnt donn6m dons lam
tableaux 3 at 4.

Pour Is transmission duo aux brouillards, Is formula suivanto nat utilis6a

T1 br - oxp [- 4,26 • D • VXO"] (6)

Four Is transmission duo A Is plule, In formula muivento A 6t& rotonue

Trg- amp 1- 11 - (0, 39 RI 1 + 0,.03 R - 0, 00016 R3 )(7

Let r6oultats obtonu- an utilisant cas formulas cant an accord varc caux obtanus
avoc LOWT A& mieux quo 1 %. Le temps do calcul n6casmaire eat 100 fois plus faible quo
colui n~ussmaire avoc LOWTRAH.
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TABLEAU III

C(fficien ts des polyn6mes donnant la transmission
par Its aerosols pour le filtre I.

AEROSOLAEROSOL RURAL AEROSOL URBAIN

Coefficients 0,49722301.10-1 -0,106744439.10-2 0,78611S960.10-4

bt 6 b13  0,116204112 0,366393532 - 0,192189662

- 0,284044408 - 0,300648638 .0,481693419

0,677503697.10-1 - 0,208031679 0,112570207

0,209867002 0,385606677.101 - 0.810464800.10-1

- 0,423463953.10-2 0,106040874.10-1 - 0,707639773.10-2

-0,331392271.10-3 0,581972509.10-3 - 0,515515089.10-3

-0,109580400.10-3 0,942989239.10-2 - 0,224527140.10-3

0,311730497.10-3 0,225600979.10-1 0,511248823.10-3

0,552712152.10-1 -0,159206635 0,893889054.10-1

-0,597721695.10-3 0.S62181449.10-1 -0.807267158.10-3

-0,545826856 - 0,689055346.101 -0.378572360.10-2

- 0,269924422.10-2 - 0,494354053.110-1 - 0,344874076.10-2

TABLEAU IV
Ctetfidients des polyndmes donnant la transmission

par ies aerosols pour to filtre II.

AEROSOL RURAL AEROSOL

MARITIME AEROSOL URBAIN

Coefficients 0,300340000.10-1 0.357396137.10-2 -0,812596623.10-4

b, 6 b13  -0,152787278 0,763318749.10-1 -0,172369602

- 0,342753352 - 0,163642339 - 0,410737778

0,852706527.10-1 -0,223094981.10-1 0,994862786.10-1

- 0,989051697.10-2 0,136502234.101 -0,157530637

- 0,558614109.10-2 0,819524609.10-3 -0,637544712.10-2

- 0,229704174.10-2 0,253127257.10-1 0,646295729.10-3

- 0,264696092.104 - 0,400847888.10-2 -0,910442908.10-4

0,353550645.01-2 0,958051509.10-2 0,113152824.10-2

0,722503789.10-1 -0,229633578.10-1 0,801364593.10-1

-0,309435019.10-2 0,169260519.10-1 -0,155434255.10-2

-0,130938827 - 0,279731582.101 0,152983277

L-0,160877469.10-1 -0,168215905 0,451058917.10-2

4. hUMPILKI D'APPLZCAT'OKN

4.1. Uno station m6t6oroldjique transportable d4di46 aux mneures does l'4nfrarouge E13]

La transmiesion des rayonnemonta intrarogeam dans I'atmosphAra eat une donn6.
partieuli6roment impartante, qui pout avoir uns certain* influanca our Is pr6aimion des
0emures do signatures theruiqueo des cibles par example. Cleat sussi un. donnAo
permettant d'orionter 1. choix du syatime d'arun & engager.

lur La terrain, on peut In mnaurer avec un tranamiaeionitre ayant uns r6ponaa
spectral. volsine do cello du capteur A utilieer ;main Ins utilixateurs no dimpoaent
pea toujours du mat6riel n6ceuomiro. Ausai, une autro approche consists A utili4er une
station ant6oroloeique transportable at & calauler I. tranumioslon A partir des donn6as
mesur6es at des formulag simplifihes pr6oant6ea pr6o6damaent.

Dana ce dernier contexts, une station m6t6orologique transportable a 6t6 r~alia~e
par LI CKLD. (rig. 2). lls comprand :

* un therson6tre,
* un hyarom6tre,
* un baroitrte,
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"* uric girouatto,
"* un an~fonltre,
"* un visibiliubtre (VXZKOGR.APH fabriqu* par Ia Soci6t6 Xapuls Physik, RFA).

Fig.?2- Photographies de la sta tion.

La station set *nti~reonnt nuxArique at fonctionne avoc un microprocessour NBC 800.

Los formulas do calcul rapid* do Is transmission jut rarouge pr6sont6os ci-dessus
*ant 6t6 prograammes ; il outfit done d'introduire I* distance pour obtenir lam deux
valours do Ia transmission.

4.2. Atlas do, la tra ...iasaion infraroug.e en France [14]

Comma i1 a d~jA 6t6 signal& dons Ilintroduction, ii sot important do pouvoir
disposer do donn~em otatistiques do transmission dons la phase do conception d'un
mat~riel fonctionnant dons Ilinfrarougo.

cleat pour ripondre A c* bosomn quo Is CSLAR. avc lamide du ~Srvici Central do la
Nht~orologie Nationals, a calculA our tout 10 torritoire frangais des probabilit~a do
transmission on bandes 3-5 et 6-1.2 pa, pour r6pondre & des applications terrostres (A
noter qu'un atlas A peu pr~s similaire a 6t6 r~alisA pour Is Marine Nationale).

Los transmissions ont 6t6 calcul~ow on utilispint lea formulas simplifi~es d~crites
pr~c6demnent et lea triplets tri-horaires do tomp6raturs, humiditA. visibilit6 mesurA.
par Ia Nitdorologio Nationals. Coo donnbes proviennont des relov~s synoptiqueu off actu~s
ontre 1949 at 1982 dons treizo stations m~t~orologiquea frano~ais~s.

La figure 3 montre Les emplacemento g~ographiques des stations n~t6orologiques
choisies at lam rdgions dont olles sent repr~sontatives.

Los donaboo dlentrA. n~cesmaires au calcul des transmissions of foutu&6 AVlids des
formulas siaplifi6es sent leos uivantes:

e temp~raturo on utilize Ia valour mosurA.
* humiditA relative ot quantit6 do vapour d'eau :on utilize Is velour masur6a do
VhumiditA relative et on ee2.culs, A laide do La formula classique, I* quantitd do
vapour d'oau & partir des valourm do lhbusiditi relative at do Ia temp~rature

* measur~ass
o visibilit& o n utilize I& valour wosur~a
9 typo do partioulo o n We oonxid~zA ici. quo I. ems Aes earosolsaet doe brouillarda at
on a 6limWn leam conditions "avoc pluio" pour losquellos on no disposait pas do
dona6os suf~isates. Lorsque La visibilitA sot inf~rioure A 2I km. on utilis. La
formula correspondent au brouiLLard lorsque La visibilit sout sup~rioure ou 6galo a
2. km, an choisit un type d'a~rosol on utilisant La PA~thode oi-aprim.



47-7

-- " I •/] Le Bourget -'

Fig.3 - Position g~ogi'aphique des stations.

Lo coefficient d'axtinction sat celcul6 en utilimant la formula muivant.

a- (QVO- C+C a (8

Brst Luxeuirl)~

0 K:D 10km C1 "-0,5
ides pour C6

20 •D€ • 100 km eC1 0,3

C1 + C + C - 1

1 2 1

Lea transmiss.ionsu danK lee deux band.. infrerougs. choisies most ensuits calcul~es pour
cheque station, cheque triplet tri-horsire pour isa 35 annie. de mosure st pour
diffirsnts. valeurs de is distance :500, 1000, 1420, JO00 ot 5000 m. Un temps de calcul
100 toim plus faible que celuJ qu'urait nicesiti lxutilisstion do LOVTPAN a

obtsnu,

Lu. risultats ont t&i tra-tis dP oi niio ir •otnre en probabsltti dsvoir uns
tranLmiscion doinen en un lieu donni, cur una distance donnte, pour dlffarsntes unison.

out pour di!ffirentem houres do is journis ; den exemples do risultats east montri. cur is
fiigure 4.

E8

S0,8 ' 008

0.4- 0,4'

0,2 0,2.

0 0.2 0,4 0,6 0,8 1 0 '0,2 'o C 0,,• ' •

Trans t mitssi on 3.1-5.4 SbHEVILLE Transh ission 8.- 1 2. AHBEVILLE iou

Fig. 4- Statistiques dest trission pur un trajet de 3000 m u Abbeville. p

a) band. I; b) band. i d.e
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Los r6sultato 4o cot atlas sont contonus dens cinq disquettos do 5 1/4 p.uceo
NS DOS ; un menu porivt do choisir

* la station,
* 1. mote,

e la band* spectral*,
e la distance,
* la p6riode do la journ~o : 0 & 6 h. 12 A 18 h et 0 A 24 h.

Le r6sultat obtenu eat un histograuze cumul6.

5. CONCLUSION

Des formulas permottant un calcul rapid* do Is transmission sur des trajets
horizontaux oant 6t& tablis pour doux bondes spectrales typiques cam formulas
pormettent do calculer lea transmissions avec une pr6cision identique & cello du code
LOWTRAX, puisqu'il a ktb montr6 quo l'6cart entre lea velours des transmissions
calcul6es avec cos formulas ou avoc LOWTRAN no dhpasse jazais 1 %. Cott@ pr6cision sot
nottement sup6rieure aux incertitudes introduites par le choix d'un mod~le d'a6rosol.

Concernant ce choix du 4od61e d'a6romol, une x6thode qui donne de bons r6sultatu
d'un point de vue statistique a 6t6 propoo6e.
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